Self-healing of impact damage in vascular fiber-reinforced composites by Hart, Kevin Richard
 
 
 
SELF-HEALING OF IMPACT DAMAGE IN VASCULAR FIBER-REINFORCED COMPOSITES 
 
 
 
 
 
 
BY 
 
KEVIN RICHARD HART 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Aerospace Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2016 
 
 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee: 
 
Professor Scott White, Chair 
Professor Nancy Sottos 
Professor Philippe Geubelle 
Professor John Lambros 
 
ii 
 
ABSTRACT 
Vascular fiber-reinforced composites mimic biological systems to allow pluripotent 
multifunctional behavior in synthetic engineering materials.  In this dissertation, methods are 
explored for recovering mechanical performance of a composite material after an out-of-plane 
impact event using vascular self-healing technologies.  To date, the critical damage modes 
which occur during out-of-plane impact that most significantly contribute to reductions in post-
impact performance have not been identified and methods for delivering healing agents to 
those critical regions using internal vascular networks has not been explored.  In this 
dissertation, out-of-plane impact damage is quantified and correlated with reductions in post-
impact mechanical performance.  Additionally, healing of impact-induced damage is 
demonstrated using vascular delivery of epoxy and amine based agents.  An alternate healing 
agent chemistry for potential use in vascular healing schemes is also discussed.  This work is the 
first to detail methods for healing impact-induced damage in vascular composites using 
segregated healing agent components and paves the way for the adoption of self-healing 
vascular materials in commercial applications. 
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CHAPTER 1:  INTRODUCTION 
1.1 Global Adoption of Fiber-Reinforced Polymer Composites 
Fiber-reinforced polymer (FRP) composite material use is on the rise.  In 2013, the global 
carbon fiber reinforced plastic (CFRP) market was valued at approximately $1.85B and is 
expected to reach approximately $3.60B by 2019, representing a compound annual growth rate 
of approximately 11.9% [1].  As the demand for renewable sources of energy increases and the 
cost of non-renewable fuels rises, government regulations and financial viability have promoted 
the use of light-weight composites.  Consequently, the superior mechanistic performance per 
weight of FRPs has overtaken traditional engineering materials (metals and ceramics) in many 
commercial applications.  Penetration of FRPs has been most prevalent in the aerospace, 
defense, wind energy, automotive, electronics, sports equipment, marine, and civil engineering 
sectors of the economy [1].  Most notably, the commercial deployment of the Boeing 787-8 
Dreamliner in October of 2011 demonstrated the economic viability of FRP materials and 
represented a landmark progression in the adoption of FRPs on a global level.  Since the 
deployment of the Dreamliner, globalization of composites continues into the present as 
companies like BMW (automotive) [2], Kenway Corp. (marine) [3], and GE (wind energy) [4] 
have recently reported significant allocations of funding to composite material research and 
development. 
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1.2 Impact Damage of Fiber-Reinforced Polymer Composites 
With the global adoption of composites comes a greater understanding of their limitations and 
drawbacks.  In particular, the continuous matrix of composite materials typically consists of a 
brittle thermosetting resin which leaves the structure susceptible to crack initiation and growth.   
As a result, composite materials are particularly prone to out-of-plane impact events.   
Out-of-plane impact events initiate elastic waves from the site of impact.  Material response 
and damage formation during wave propagation is influenced by not only the magnitude of the 
energy delivered, but also by the velocity of the impingent projectile [5].  Graphically, this is 
represented in Figure 1.1.  For very short impact times (on the order of the wave speed through 
the thickness) the response is dominated by the propagation of dilatational p-waves (Fig. 1.1a)  
[5].  High velocity (1000 m/s or more) ballistic impact represents this type of impact damage [6].  
For moderate velocity impact events (ca. 10-100 m/s) the response is dominated by shear 
(flexural) waves (Figure 1.1b) [5].  Hail strikes represent this type of damage.  Finally, for impact 
speeds of ca. 1 m/s or less, the speed of the impactor is typically much faster than the wave 
speed through the material and quasi-static responses dominate.  This regime is colloquially 
referred to as “low-velocity” impact and often occurs when the mass of the impactor is larger 
than the mass of the target.  Tool drops on composite structures are representative of this type 
of damage and it is this type of damage which we focus on in this dissertation.  In the case of 
high velocity ballistic impact, damage is often easily detectable and quickly remedied.  
However, with lower velocity impact strikes the damage is often sub-surface making it more 
difficult to detect and imperceptibly dangerous. 
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Six major damage types are observed in composites subject to low velocity out-of-plane impact: 
transverse shear cracks, matrix tensile cracks, interply delamination, fiber pull-out, fiber 
rupture, and penetration.  The cross-section of an impacted composite depicting some of these 
damage types is provided in Figure 1.2.  In this dissertation, we restrict impact energies and 
impact velocities to relatively low values to minimize fiber rupture and impactor penetration.  
This allows a greater focus on the recovery of sub-surface matrix damage.  
1.3 Effect of Composite Architecture on Impact and Post-Impact Response 
1.3.1 Effect of fabric architecture on impact response 
Fiber architecture plays a significant role on damage formation and post-impact mechanical 
performance of impacted composite plates and beams.  For example, composites with stacking 
sequences in which the angle variation from ply to ply is large show greater resistance to 
transverse and inter-ply crack propagation as a result of increased fiber bridging and crack 
deflection [7–13].  Composites made with woven fabrics have also shown increased residual 
compressive strength and smaller delaminations than those made with unwoven unidirectional 
layers, though the differences are typically small [14].  Through thickness stitching and Z-
pinning has also been employed to increase the critical energy release rates associated with 
fracture propagation.  Mode I [15–21], mode II [22–26], and mixed mode fracture [27–29] tests 
show that critical energy release rates increased with increasing reinforcement  until saturating 
above a critical density.  However, in low-velocity impact studies stitched and Z-pinned 
composites generally show similar maximum impact load and energy absorption when 
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compared to similar unstitched composites.  However, through thickness reinforcement (either 
via stitching of Z-pins) reduces inter-ply delamination by providing additional energy dissipation 
mechanisms via crack deflection, fiber bridging, fiber pull out, and fiber rupture [30–33].  
Despite the increased fracture performance, stitched and Z-pinned composites typically suffer 
decreased performance (tension, compression, flexure) with increasing stitch density due to 
fiber distortions which arise during manufacture of the preform [34].   
More recently, three-dimensionally (3D) woven orthogonal non-crimp fabric architectures have 
been investigated for use in structural composite applications.  3D orthogonal weaving 
introduces through-thickness fiber tows which are co-woven with the in-plane tows allowing 
insertion through the fabric thickness without rupturing in-plane fibers [35].  With the rise of 
this manufacturing innovation, there is currently significant debate regarding the benefits of 3D 
composites when compared to similar 2D woven structures.  Despite multiple studies of the 
mechanical behavior of 3D composites in tension [36–40], compression [37], shear [37, 41], and 
fatigue [42], there have been very few investigations directly comparing 3D to 2D.  In 2010, 
Mouritz and Cox consolidated current data on the in-plane mechanical properties of 3D woven, 
stitched, and pinned composites noting that it was difficult to compare properties of 3D 
orthogonal woven composites to equivalent 2D composites because data was scarce and many 
researchers failed to report areal densities and fiber volume fractions required for direct 
comparison [34].  Data on the comparative low-velocity impact response of 2D and 3D woven 
composites is even more limited.  Baucom et al. looked at energy absorption and perforation in 
2D and 3D woven composites of similar areal density over multiple impact events.  Authors 
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concluded that while energy absorption of the first few impact events were similar, 3D 
composites survived more strikes before perforation and absorbed more total energy because 
of the through thickness Z-tow binding [43–45].  Unfortunately, damage size and characteristics 
were not recorded during this study. 
In Chapter 2, we compare impact response and damage formation of 2D and 3D woven 
composite plates and beams of the same areal density and material construct subject to out-of-
plane impact.  Load and displacement data generated during impact testing is analyzed to 
detect the onset of various damage mechanisms.  Post-impact fractography is employed to 
measure delamination openings and lengths of damaged samples, contrasting damage 
formation in 2D and 3D composite architectures.   
1.3.2 Effect of fabric architecture on post-impact mechanical performance 
Evaluation of post-impact performance of composites has been dominated by the Compression 
After Impact (CAI) testing protocol, first utilized by NASA [46], the Composites Research 
Advisory Group (CRAG) [47], and Boeing [48] in the mid-1980s and later standardized by ASTM 
in 2005 [49].  The research literature on impact response of composites subject to the CAI 
protocol is vast, with multiple review articles encompassing: damage formation mechanisms 
during impact [50–58], critical strain energy release rates during impact [50, 51, 53, 54, 57–60], 
models of residual strength and modulus as a function of impact energy [51, 54, 57–60], and 
the effects of constituents (matrix/fibers/interface) on residual mechanical properties [50, 51, 
54, 56, 57, 60].  Key findings from these studies reveal that fabric architecture, matrix 
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toughness, interfacial treatments (silanes), void content, sample thickness, stacking sequence, 
impactor geometry, impactor velocity, compression testing rates, and boundary conditions 
associated with fixturing all have significant effects on the post-impact performance of the 
material.  
Despite the success of the CAI testing protocol many authors have criticized its sole use in 
evaluating post-impact performance because test results are sensitive to clamping conditions, 
samples are limited to a specific thickness range, and only compressive properties are 
evaluated.  As a result, alternate testing protocols have been investigated for post-impact 
evaluation of mechanical properties in composites, including the Flexure After Impact (FAI) 
protocol [61–63].  Studies using the FAI protocol are more limited than those using CAI, but FAI 
results confirm that increased impact energy leads to reductions in flexural modulus and 
strength [61–63].  However, no study to date has compared FAI and CAI testing protocols for 
damage modes and extent, nor mechanical sensitivity to impact damage.  Additionally, no study 
has directly compared the post-impact mechanical response of 2D and 3D woven composites 
with identical material components and areal density.  
In Chapter 3, post-impact mechanical properties of 2D and 3D woven composites using the 
Flexure and Compression After Impact protocols are compared.  Results of the two post-impact 
testing methods are first examined separately to investigate differences in the material 
response of 2D vs. 3D composite architectures.  Then the test methods are compared against 
each other to measure the sensitivity of each testing type to the formation of impact damage.  
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Finally, damage measurements from Chapter 2 are combined with post-impact mechanical 
testing results in Chapter 3 to correlate damage formation to reductions in post-impact 
performance of the two composite architectures. 
1.4 Self-healing Composite Material Heritage 
Pioneered in 2001 by White et al. [64], self-healing materials are those which have the ability to 
heal damage autonomously when and where it occurs through damage triggered release of 
reactive components.  Since conception, published articles related to self-healing materials 
number in the thousands.  A recent review on self-healing materials by Blaiszik et al. [65] 
broadly classifies self-healing materials into three separate classes based on the method used 
to sequester healing agents: capsule-based, vascular, and intrinsic systems (Fig. 1.4).  Capsule-
based self-healing materials sequester the healing agent in individual capsules.  When ruptured 
by damage, agents are released into the damage site where they react to heal the material.  
Vascular self-healing materials house the agents in hollow channels inside of the material.  
Similar to capsule-based systems, as the vasculature is damaged, the contents spill into the 
crack to react and heal damage.  Unlike capsule based systems, however, vascular systems may 
often be refilled to perform multiple healing events.  Intrinsic self-healing materials do not have 
sequestered liquid agents, but instead possess a latent self-healing function in the matrix which 
is usually triggered by an external energy source (mechanical damage, heat, UV light, etc…).   
Of the numerous published articles on self-healing materials, few have focused on the repair of 
impact damage in fiber-reinforced composites.  The sections to follow outline the current state-
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of-the-art of the three classes of self-healing materials as they pertain to the repair of impact 
damage. 
1.4.1 Microcapsule based healing of impact damage 
A variety of chemistries have been employed for repair of impact damage in composites.  Patel 
et al. [66] and Moll et al. [67] both used dicyclopentadiene microcapsules in conjunction with 
first generation Grubbs catalyst (contained in wax microspheres for stability), to recover impact 
and indentation damage, respectively, in glass/epoxy laminates.  Xiao et al. [68] utilized epoxy 
filled microcapsules and boron trifluoride infused sisal fibers in the matrix of a glass/epoxy 
composite to demonstrate up to 98% recovery of post-impact compressive strength at room 
temperature.  Yuan et al. [69] used a dual capsule thiol and epoxy based healing chemistry in C-
glass fiber/epoxy laminates to demonstrate up to 86% recovery in residual compressive 
strength after 1.5 J of impact and a 24 h heal at room temperature.   In all studies using 
microcapsule based healing of impact/indentation damage, authors reported incomplete filling 
of damage with increasing impact/indentation energy as a result of insufficient agent volume in 
the capsules.  Insufficient damage filling then led to reduced self-healing performance. 
1.4.2 Vascular based healing of impact damage 
Self-healing microvascular fiber-reinforced composites were first explored using hollow glass 
fibers (HGFs) for the delivery of reactive liquid components to damaged regions.  Bleay et al. 
investigated the release of pre-mixed liquid epoxy resin from HGFs after impact in quasi-
isotropic composites via optical microscopy and x-ray radiography, showing that only partial 
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filling of the damage regions occurred at room temperature conditions, but improved filling 
occurred at elevated healing temperatures under vacuum [70].  In later studies using larger 
diameter HGFs, Pang and Bond investigated a two-part epoxy healing system with components 
sequestered in separate, orthogonal HGF layers in order to recover flexural strength after 
indentation damage [71, 72].  Most recently, Williams et al. demonstrated 100% recovery of 
compression after impact strength in carbon fiber laminates containing HGFs which were pre-
filled with pre-mixed epoxy healing agents and subject to heating immediately after impact 
[73].  However, in all studies utilizing HGFs the autonomy and repeated healing was severely 
limited because samples required pre-mixed healing agents, solvent aided dilution/infiltration, 
heating, and/or vacuum infiltration of healing agents.  Also, some authors reported crack 
deviation around thick-walled HGFs, limiting agent discharge. 
Advances in manufacturing have enabled new methods for fabricating vascular composites.  
Williams et al. constructed self-healing 2D networks within composite sandwich panels using 
polyvinyl chloride tubes in the core region of the panel that contained the healing agents.  
Impacted sandwich panels recovered greater than 100% of their virgin strength when healed 
with pre-mixed epoxy resin [74].  Norris et al. used elevated temperature evacuation of solder 
wire or manual extraction of Teflon coated steel wires after fabrication to create 1D vascular 
channels in carbon fiber/epoxy laminated composites.  Pre-mixed epoxy resin was injected into 
impact damage to demonstrate recovery of mechanical performance for one healing cycle [75–
77].  Most recently, Patrick et al. [78] utilized the Vaporization of Sacrificial Components (VaSC) 
process pioneered by Esser Kahn et al. [79] to fabricate complex internal vascular networks in 
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woven glass/epoxy double cantilever beam specimens.  Greater than 100% recovery of mode I 
critical strain energy release rate was obtained over three fracture/healing cycles using quasi-
static pressurized delivery and in-situ mixing of a segregated two-part epoxy healing agent 
system.  However, the fracture of virgin material was required in subsequent healing tests to 
re-expose the networks for agent delivery, limiting repeatability.   
1.4.3 Intrinsic healing of impact damage 
Molecular re-bonding of separated surfaces is impossible with large crack separations 
commonly observed during impact.  As a result, few intrinsic systems have been used for 
healing impact damage.  One example from Yin et al. used a hybrid capsule/intrinsic system 
[80].  In this work, latent copper-bromide methylimidazole (CuBr2(2-MeIm)4) particles were 
dispersed in the epoxy matrix.  Following a damage event and release of monomer from the 
capsules, anionic polymerization of the healing agent was triggered thermally in the presence 
of the imidazole particles.  Using a healing temperature of 140 ⁰C, up to 100% recovery of post-
impact strength was recorded.   Similar to other capsule based healing systems, healing 
efficiency decreased with increasing impact energy as a result of incomplete damage volume 
filling at higher impact energies.  Autonomy was also compromised as a result of the required 
thermal trigger.  
1.4.4 Justification for Vascular Based healing for Impacted Composites 
Each healing agent sequestration method has unique benefits and drawbacks.  Microcapsules 
provide adequate agent mixing but limit the volume of agent present and potential for agent 
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re-supply.  Vascular materials offer the potential for unlimited healing agent supply, but provide 
less reliable in-situ mixing.  Intrinsic materials eliminate mixing requirements, but often require 
external stimuli to trigger healing and are limited to small crack separations.  In the case of 
impact damage in composites, large crack separations occur.  As a result, we must select a 
sequestration technique which provides a large volume of healing agent to fill the large 
damage.  It is for these reasons which we pursue vascular based healing schemes in this 
dissertation.   
1.5 Recent Developments in Vascular Self-healing Technologies 
1.5.1 Fabrication of Complex Vasculature 
Recently, methods for making complex internal vascular networks in composites was explored 
by Esser-Khan et al. [79].  To date these methods have not been used for creating vascular self-
healing composites for healing of impact damage.  To create sacrificial fibers, commercially 
purchased poly-lactide (PLA) fibers were infused with a tin oxalate catalyst then incorporated 
into the composite during manufacture.  After matrix infiltration and cure, sacrificial fibers are 
evacuated from the composite at high temperatures leaving hollow networks which are inverse 
replicas of the original sacrificial components.  This procedure is referred to as the Vaporization 
of Sacrificial Components (VaSC).  In 2015, Gergely et al. expanded the geometries of sacrificial 
materials to include sacrificial spheres, sheets, and 3D printed architectures [81]. To 
demonstrate the use of VaSC in a self-healing composite, Patrick et al. [78] fabricated vascular 
glass/epoxy double cantilever beam fracture specimens.  Greater than 100% recovery of mode I 
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critical strain energy release rate was obtained over multiple fracture/healing cycles using 
quasi-static pressurized delivery and in-situ mixing of a two-part epoxy healing agent system 
that was delivered through the channels.  However, channel density was high and in-situ mixing 
of the components was aided by actuation (closing) of the sample, making that specific design 
unfeasible for healing internal impact damage where flow-restricted in-situ mixing must occur.  
In Chapter 4, we expand upon the success of the work of Patrick et al. to create vascular double 
cantilever beam fracture specimens with a simplified vascular network capable of delivering 
healing agents in a manner which facilitates in-situ mixing of the components in the (closed) 
delaminated region.  Delivery methods described in Chapter 4 provide a potential method for 
healing delaminated regions of impacted composites.  
1.5.2 Enhanced mixing through air-assisted reagent propulsion 
To further enhance in-situ mixing of stoichiometrically-based healing agents, a new vascular-
based method for delivering agents using an air assisted reagent propulsion scheme was 
developed by Krull et al. [82].  As depicted schematically in Figure 1.5, liquid healing agents are 
slowly delivered through microchannels to an orthogonally aligned microchannel flowing high 
velocity air.  As liquid components approach the high velocity air stream they are sheared into 
small droplets where they then travel to the site of damage as discrete droplets.  Creation of 
droplets increases the mixing of the agents as they reached the site of damage, helping to 
overcome mixing limitations of previous works relying upon capillary flow and diffusive mixing.  
In Chapter 5, the air-assisted reagent propulsion concept is used to demonstrate self-repair of 
vascular composite beam samples after impact.   
 13 
 
1.5.3 Catalyst and Initiator based chemistries 
To potentially eliminate the mixing requirements of two-part stoichiometrically based healing 
agents, other authors have investigated catalyst or initiator based polymerization schemes for 
self-healing.  The ring opening metathesis polymerization (ROMP) of dicyclopentadiene has 
been utilized in microcapsule based healing systems in a variety of polymers to demonstrate 
recovery of:  compression after impact strength in composites [66], glass fiber/matrix interfaces 
[83], glass/epoxy composite tensile and shear properties [84, 85], and fracture damage in 
polymer coatings [86], bulk polymers [64], adhesives [87, 88] and composites [89, 90].  
Additionally, initiator based epoxy/imidazole [91, 92, 80, 93], epoxy/mercaptan [69], and 
epoxy/lewis acid [68] polymerization schemes have been explored for healing of impact 
damage and mode I fracture in epoxy and composite systems.  Imidazole based anionic 
polymerization schemes demonstrate a particularly high potential for application in self-healing 
materials.  Imidazoles are commercially available, easily chemically tailored through ligand 
attachment, stable in ambient conditions, commonly used as epoxy polymerizing agents in 
industry, and inexpensive relative to other catalysts and initiators used in self-healing systems.   
The anionic polymerization of various imidazoles with epoxide monomers has been previously 
described by Heise and Martin [94–96].  Unlike catalytic polymerization reactions, the imidazole 
initiator reacts with the epoxide groups and is consumed to form a backbone for anionic 
polymerization.  Yin et al. [80, 91, 92] have explored imidazole systems for use in self-healing 
materials by utilizing a solid copper-bromide-imidazole complex as a latent initiator embedded 
in a host epoxy matrix/composite.  Using that system, authors demonstrated 111% recovery of 
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mode I fracture in single edge notch beam specimens of pure epoxy [91], 78% recovery of mode 
I critical strain energy release rate in E-glass/epoxy double cantilever beam specimens [92], and 
94% recovery of compression after impact strength in E-glass/epoxy composites [80].  However, 
healing temperatures of up to 140 °C were required, and healing events were limited to a single 
cycle.  It is our aim to expand upon the success of the imidazole system to demonstrate 
multiple healing events in a composite specimen, while minimizing the thermal requirements of 
healing observed in previous self-healing studies.  In Chapter 6, a new epoxy matrix material 
with latent imidazole-based self-healing functionality is presented which has the potential for 
use in a hybrid intrinsic/vascular based healing scheme.   
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1.6 Figures 
 
 
Figure 1.1.  Response of materials subject to out-of-plane impact.  Image adopted from [5]. 
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Figure 1.2.  Cross-sectional optical image and binary conversion of a damaged glass/epoxy 
composite after an out-of-plane impact event.  Delamination damage, shear cracks, and fiber 
failure are visible. 
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Figure 1.3.  Optical images of (a) broken glass fibers in a composite preform resulting from 
through thickness stitching, (b) resin pockets created around a pin after Z-pinning and, (c) fiber 
displacement around a Z-pin in a multi-layer glass/epoxy laminate.  Image from Cox et al. [34]. 
 
 
Figure 1.4.  Schematic representation of healing agent sequestration methods used in self-
healing materials.  Image from Blaiszik et al. [65]. 
 
 
a) b) c)
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Figure 1.5.  Concept of air-assisted reagent propulsion healing agent delivery.  Liquid 
components are delivered to an orthogonal channel flowing high velocity air which shears the 
liquid into discrete droplets and carries them to the site of damage.  Image from Krull et al. 
[82].  
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CHAPTER 2:  IMPACT OF 2D AND 3D WOVEN COMPOSITES, PART I: 
DAMAGE MECHANISMS AND CHARACTERIZATION 
2.1 Introduction 
To improve the impact damage resistance of composites, three-dimensionally (3D) woven 
fabric architectures have been explored as an alternative to traditional two-dimensional (2D) or 
unidirectional laminates.  In this chapter, we contrast the damage formation and impact 
performance of 2D and 3D woven composites manufactured with the same areal density and 
material construct.  Damage formation of impacted composite plates and beams was 
investigated through the collection of high-resolution cross-sectional images after impact.  
2.2 Materials and Methods 
2.2.1 Composite Manufacture 
3D composites were made from a single layer of 4.07 kg/m2 (120 oz/yd2) S2-glass orthogonal 
weave fabric (Textile Engineering and Manufacturing; Woonsocket, RI) consisting of 3 warp and 
4 weft layers held by a through thickness penetrating Z-tow travelling in the warp direction.  
The warp and weft directions contain 3.0 tows/cm and 2.7 tows/cm, respectively.  2D 
composites were made from 5 layers of 0.814 kg/m2 (24 oz/yd2) 1.97 x 1.97 tows/cm (5 x 5 
tows/in.) plain woven S2-glass fabric (Owens Corning; Toledo, OH) arranged in a [0]5 
configuration, yielding the same fiber areal density (4.07 kg/m2 = 5 x 0.814 kg/m2) as the 3D 
composites.  Preforms were infused with epoxy resin by vacuum assisted resin transfer molding 
(VARTM).  Epoxy resin components EPON 862 (diglycidyl ether of bisphenol F; Momentive, Inc.; 
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Waterford, NY) and Epikure W (aromatic diamine; Momentive, Inc.) were obtained from Miller-
Stephenson (Morton Grove, IL) and used as-received.  Prior to infusion, components were 
mixed in a stoichiometric weight ratio of 100:26.4, heated for 30 minutes at 70 ⁰C then 
degassed under vacuum for 2 h at 70 ⁰C.  VARTM Infusion was carried out in a convection oven 
at 70 ⁰C in order to lower the viscosity of the resin and facilitate wetting of the fabric during 
infusion.  Immediately after infusion the sample was raised to 121 ⁰C at 3 ⁰C/min, held for 8 h, 
then cooled to room temperature at 1 ⁰C/min.  2D composites yielded an average thickness of 
3.07 ± 0.09 mm and fiber volume fraction of 52.2 ± 0.43% calculated by the matrix burn-off 
method [97].  3D composites had an average thickness of 3.52 ± 0.06 mm and fiber volume 
fraction of 47.3 ± 0.24%.  The lower fiber volume fraction in 3D samples is a result of interstitial 
regions present in the non-crimp orthogonally woven fiber preform which accommodate excess 
resin during infiltration.  Plate samples were cut to 101 x 101 mm.  Beam specimens were cut to 
20 x 110 mm with the warp direction aligned to the longitudinal axis of the beam. 
2.2.2 Impact Testing 
2.2.2.1 Impact of Beam Specimens 
Impact testing of beam samples was conducted on a drop-weight tower (model 8250; Instron; 
Norwood, MA).  Samples were clamped in a fixed-fixed configuration with a free span of 40 mm 
and impacted in the center of the span across the entire width of the specimen with a 
cylindrical impact tup (25.4 mm radius of curvature).  The tup configuration and the range of 
impact energies used were selected to minimize fiber damage so that the effects of matrix 
damage and interface delamination alone could be isolated and investigated.  Samples were 
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impacted with a range of impact energies up to 25 J (Table 2.1).  Load data was collected during 
impact using a load cell (model 8946-2; Instron) interfaced with LabVIEW software (v 13.0; 
National Instruments; Austin, TX). 
2.2.2.2 Impact of Plate Specimens 
Impact testing of plate specimens was conducted on a drop-weight tower (model 8200; 
Instron).  Plate samples were circularly clamped (76 mm diameter) and impacted in the center 
with a hemi-spherically shaped impactor with the same radius of curvature (25.4 mm) as the 
tup used in beam impact experiments.  Samples were impacted with a range of energies up to 
100 J (Table 2.2).   Load data was collected during impact using a load cell (model 8902-1; 
Instron) interfaced with LabVIEW software (v 13.0; National Instruments).   
2.2.2.3 Impact Dynamics 
Load, time, and velocity at impact were recorded during all impact tests.  A one-dimensional 
analysis was assumed with positive displacement (x) and gravity (g) downward.  An impactor of 
mass, m, was assumed to strike a specimen at the location x = 0 while a load cell continuously 
reported load as a function of time, p(t).  The impact tup and specimen were assumed to 
remain in contact during the loading and unloading.  The sum of the forces at the tup-specimen 
interface during impact is: 
∑𝐹(𝑡) = 𝑚𝑔 − 𝑝(𝑡).                (2.1) 
The acceleration, a(t), is: 
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𝑎(𝑡) = 𝑔 −
𝑝(𝑡)
𝑚
.               (2.2) 
The velocity, v(t), is: 
𝑣(𝑡) =  ∫ 𝑎(𝜏)𝑑𝜏 + 𝑣𝑖
𝑡
𝑡𝑖
.               (2.3) 
where ti is the time at impact, vi is the recorded velocity at impact.  Then, with zero initial 
deflection at ti, the displacement, x(t), is: 
𝑥(𝑡) =  ∫ 𝑣(𝜏)𝑑𝜏
𝑡
𝑡𝑖
.               (2.4) 
where ti is the time at impact, vi is the recorded velocity at impact. 
2.2.2.4 Normalization of Impact Energy 
To more adequately compare impact energy across plate and beam impact tests, energies were 
normalized by the unclamped volume of the sample during impact.  For beams, this was 
calculated as: 
?̅? = 𝑈 𝐿𝑤𝑡𝑏𝑒𝑎𝑚
⁄                 (2.5) 
and for plates this was calculated as: 
?̅? = 4𝑈 𝜋𝐷2𝑡𝑝𝑙𝑎𝑡𝑒
⁄                 (2.6) 
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where ?̅? is the impact energy density, U is the impact energy, L is the unclamped beam span, w 
is the beam width, tbeam is the beam thickness, tplate is the plate thickness, and D is the 
unclamped diameter of the plate.   
2.2.3 Cross-Sectional Imaging and Damage Characterization 
Plate specimens were sectioned in half along the warp direction (Figure 2.1a).  Beam specimens 
were sectioned in half along the longitudinal (warp) axis (Figure 2.1b).  Samples were then 
polished with successively finer grit paper and polishing compound until optically smooth (see 
Section 2.2.4).  Images of damaged samples were gathered in bright-field reflection using an 
AxioCam MRm monochrome CCD on an Axiovert 200M optical microscope (2.5x objective) 
yielding 8-bit greyscale images with a resolution of 2.39 µm/pixel.  To view the entire cross-
section, multiple images were stitched together using automatic image gathering and tiling 
options within the Zeiss Axiovision 4.7 microscope control software.  Example cross-sections of 
impacted 2D and 3D plates and beams are provided in Figures 2.1c-j. Measurement error 
associated with the tiling process was briefly investigated and considered negligible.  
Tiled cross-sectional images were analyzed using the counting, measuring, and classifying add-
ons of Image Pro Plus software (v 7.0.1.658; Media Cybernetics, Inc.; Bethesda, MD).  Figure 2.2 
depicts the analysis technique.  After image collection, full-field 8-bit greyscale images (e.g. 
Figure 2.2a) were converted to black and white binary images by implementing a half-scale 
intensity threshold filter (Figure 2.2b).  Adjoining groups of pixels were differentiated and 
groups of pixels with a combined area of less than 0.01 mm2 were excluded from damage 
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calculations using an area thresholding process (Figure 2.2c).  The remaining continuous areas 
of pixels were then separated and individually categorized as a delamination or shear crack 
manually using a traced line split (Figure 2.2d).  An example image depicting groups of pixels 
classified as delaminations is provided in Figure 2.2e. 
Various measurements were then taken of groups of pixels categorized as delaminations.  
Delamination length (Ld) is defined as the maximum distance between any two pixels in a 
continuous grouping of pixels.  Total delamination length (?̅?𝑑) is defined as the summation of all 
delamination lengths across all groups of pixels in a given cross-section.  Delamination opening 
(Ad) is defined as the sum of all pixels contained in a group of pixels, multiplied by the area of a 
single pixel.  Total delamination opening (?̅?𝑑) is defined as the summation of all delamination 
openings across all groups of pixels in a given cross-section. 
2.2.4 Grinding and Polishing Procedure 
Grinding and polishing of composite specimens was conducted on a polisher (Ecomet 3; 
Buehler; Lake Bluff, IL) according to the polishing schedule in Table 2.3.  Grinding papers and 
alumina suspension powder were obtained from Buehler.  Grinding papers were used as 
received on a flat grinding wheel.  Grinding steps were carried out with a continuous water flow 
to the polishing surface of approximately 1 L / min.  For polishing, a suspension of distilled 
water and alumina polishing powder were mixed in a ratio of 10 g / L and used in conjunction 
with a Microcloth (Buehler) felt grinding wheel.  Following the grinding and polishing steps, 
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samples were submerged in a de-ionized water sonication bath for approximately 1 min to 
release trapped alumina particles, then removed from the bath and dried with compressed air. 
2.3 Results and Discussion 
2.3.1 Impact Response of Beams 
Typical loading curves as a function of time for 2D and 3D beam impact specimens is shown in 
Figure 2.3.  At 5.0 J of impact energy both types of samples exhibit purely elastic loading and 
unloading.  However, as impact energy increases to 10.0 J or more, a consistent drop in load is 
observed after the initial linear elastic loading region.  This drop in load is indicative of the 
conversion of internal strain energy to fracture energy through inter-ply delamination 
formation and propagation which span the length of the unclamped region, consistent with 
other studies on the impact response of plates and beams [58, 98–100].  Figure 2.4 depicts 
cross-sectional images of two samples impacted with either 5.0 J or 10.0 J of impact energy.  
Cross-sections clearly reveal large scale delamination damage in the 10.0 J case, in stark 
contrast to the lack of any discernable damage in the 5.0 J case.  
The load corresponding to the onset of delamination is defined as the Delamination Threshold 
Load (DTL) [98] and is plotted as a function of impact energy for both 2D and 3D composites in 
Figure 2.5.  Interestingly, the DTL is constant at approximately 2.7 kN regardless of the impact 
energy or fabric architecture.  This indicates that the initiation of fracture damage is not 
significantly affected by the fabric architecture, but is likely controlled by properties of the 
matrix and the strength of the fiber-matrix interface. 
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As impact energy increases the number of delaminations increases, with up to 3 distinct 
delamination initiations and propagations occurring at the highest impact energy (25.0 J).  In 
addition, for the 25.0 J case, the load exceeds the DTL after the last delamination event and the 
internal strain energy continues to build in the absence of the energy absorption provided by 
delamination fracture.  Load profiles for 2D and 3D samples match closely at all energies except 
in the post-delamination loading regime where the interlocked fabric architecture of 3D 
specimens provides inherent stiffening over the 2D composite architecture. 
Load as a function of displacement for 2D and 3D beam specimens is plotted in Figure 2.6.   The 
onset of delamination in both 2D and 3D composites occurs at approximately 2.7 kN. Further 
investigation reveals that the slope of the load vs. displacement curve changes with the 
introduction of each delamination.  The slope of the load vs. displacement curve is the bending 
stiffness of the specimen during impact, defined as:   
𝑆𝑛 = (
𝑃
𝛿
)
𝑛
      𝑛 ∈ [0,1,2]              (2.7) 
where P is the load, δ is the displacement, and Sn is the instantaneous stiffness of the specimen 
as the specimen contains n delaminations.  Instantaneous bending stiffness values were then 
averaged over the appropriate displacement domain to find the bending stiffness for each 
delamination regime, 𝑆?̅?.   
Figure 2.7a depicts the instantaneous bending stiffness (Sn) in a 3D beam specimen subject to 
15.0 J of impact energy as a function of displacement.  Three distinct regions (S0, S1, and S2) 
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corresponding to changes in the bending stiffness from delaminations are introduced.  Figure 
2.7b shows the average value of the bending stiffness, 𝑆?̅?, as a function of impact energy for 
both 2D and 3D composites subject to a range of impact energies.  Notably, the bending 
stiffness is constant for each case and the reduction in stiffness with each delamination is 
repeatable across multiple impact energies.   
Figure 2.8a presents the bending stiffness for both 2D and 3D specimens as a function of the 
number of delaminations, consolidated across impact energies.  Remarkably, all data collapses 
to a single correlation relation in which the reduction in bending stiffness scales with the 
number of delaminations.  As delaminations are introduced, the single beam is split into 
multiple beams and the cross-sectional moment of inertia is reduced, causing reductions in the 
bending stiffness (and flexural moduli).  Using classical beam theory and the calculated bending 
stiffness during impact, an estimate of the flexural modulus during each damage regime can be 
made using: 
𝐸𝑛 = 
𝐿3
4𝑤𝑡3
(
𝑃
𝛿
)
𝑛
=
𝑆?̅?𝐿
3
4𝑤𝑡3
               (2.8) 
where En is the flexural modulus as the sample contains n delaminations, L is the unclamped 
length of the sample during impact, w is the sample width, and t is the sample thickness.  Figure 
2.8b plots the flexural modulus, En, as a function of the number of delaminations.  With no 
delaminations the flexural moduli for 2D and 3D composite samples during impact are 26.9 GPa 
and 19.6 GPa, respectively.  Values of the flexural moduli of samples with no delaminations (Eo) 
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correlate well to the flexural moduli obtained by quasi-static testing of undamaged samples  
(2D = 24.4 GPa; 3D = 19.9 GPa; Shown in Chapter 3), indicating that the flexural moduli of 
composite specimens may be estimated using bending stiffness data calculated during impact 
of beam specimens.  While the bending stiffness as a function of the number of delaminations 
is consistent across the 2D and 3D architectures, 3D composites have a lower flexural moduli 
than 2D composites as a result of the lower fiber volume fraction and increased thickness of 3D 
composites. 
2.3.2 Impact Response of Plates 
Typical loading curves as a function of time for 2D and 3D composite plates is plotted in Figure 
2.9.  In dramatic contrast to beam specimens, the onset of delamination damage in the loading 
curve is not readily apparent during the impact of plate specimens.  Unlike delamination 
damage which occurs during beam impact, the delamination damage which occurs during the 
impact of plate specimens does not span the entire unclamped damage region.  Cross-sectional 
images of damaged beam and plate specimens are contrasted in Figure 2.10.  Delamination 
damage in the beam specimen clearly spans the entire unclamped region of the specimen, 
while delamination damage in the plate specimen does not.  For this reason, flexural rigidity of 
the plate specimens in the unclamped region is preserved through a majority of the cross-
section, and reductions in load from the introduction of delamination damage are not as 
prevalent in the load vs. time curves.  As a result, analysis of the delamination related 
parameters (DTL and stiffness reductions) for plates are not provided. 
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2.3.3 Damage Measurements 
2.3.3.1 Weft Cross-Sections 
Delamination opening and length measurements for composite beams and plates all sectioned 
along the warp direction are provided in Figures 2.11 and 2.12, respectively.  Analysis of 
delamination damage in 2D and 3D beam specimens demonstrate that at the same impact 
energy, 2D composites exhibit larger total delamination opening and length after a critical 
impact energy  (> 10.0 J).  Reduced delamination damage (length and opening) in 3D specimens 
is due to deflection of the delamination crack by the through thickness reinforcement tows (as 
shown in Figure 2.13). Similar mechanisms have been observed in woven and stitched 
composites subject to out-of-plane impact [30–33].  Unlike beam specimens, 2D and 3D plate 
specimens do not exhibit major differences in the extent of delamination damage for any 
impact energy tested, likely because the critical impact energy to observe differences in the two 
different architectures was not attained. 
2.3.3.2 Ray Analysis (Plates) 
Back-face damage of 2D and 3D composite plates impacted at 50.3 J of impact energy is 
depicted in Figures 2.14a and 2.14b.  Total delamination opening and length as a function of 
fabric angle for 2D and 3D composite plates impacted at 50.3 J are reported in Figures 2.14c 
and 2.14d, respectively.  In 2D composites, no significant variations in the total delamination 
opening and length are observed as a function of bi-section angle.  However, in 3D composites, 
the total delamination opening and length peak when the sample is sectioned through the weft 
direction (90⁰). Since the through thickness tows do not travel in the weft direction, 
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delamination damage more freely propagates along the weft direction, leading to increased 
total delamination length and opening. 
2.4 Conclusions 
Impact damage in 2D and 3D woven composites was analyzed and compared across a range of 
impact energies.  The threshold load to introduce delamination damage was found to be 
independent of the fabric architecture (2D vs. 3D) and impact energy.  The bending stiffness 
and flexural modulus is reduced with the introduction of delamination damage and the amount 
of reduction scales directly with the number of delaminations.  In contrast to impact of beam 
specimens, the impact of plate specimens showed no indication of the initiation of 
delamination damage in the loading curve.  Using cross-sectional imaging techniques, total 
delamination openings and lengths of all impacted specimens were calculated.  Total 
delamination length and opening was consistently greater for 2D beam samples when 
compared to 3D beam samples impacted at the same energy.  Differences in delamination 
openings and lengths between 2D and 3D plates was minimal in the weft cross-sections.  
However, ray analysis of the plates shows that total delamination length and opening does not 
vary as a function of fabric angle except in the weft direction of 3D composites where 
delamination deflection mechanisms provided by the Z-tows were not as operative.  Generally, 
when impact energy density is held constant, 3D woven composites have less delamination 
damage as a result of the through thickness Z-tow reinforcement. 
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2.5 Tables and Figures 
   
Table 2.1.  Impact testing conditions for composite beam specimens. 
 
  
Table 2.2.  Impact testing conditions for composite plate specimens. 
 
 
Fabric Architecture Drop Height, mm Drop Mass, kg Impact Energy, J Impact Velocity, m/s No. of Samples
152 3.36 5.01 1.73 8
304 3.36 10.0 2.44 8
455 3.36 15.0 2.99 8
759 3.36 25.0 3.86 8
152 3.36 5.01 1.73 8
304 3.36 10.0 2.44 8
455 3.36 15.0 2.99 8
759 3.36 25.0 3.86 8
2D
3D
Fabric Architecture Drop Height, mm Drop Mass, kg Impact Energy, J Impact Velocity, m/s No. of Samples
600 4.34 25.5 3.43 8
600 8.55 50.3 3.43 8
600 12.79 75.3 3.43 8
797 12.79 100 3.95 8
600 4.34 25.5 3.43 8
600 8.55 50.3 3.43 8
600 12.79 75.3 3.43 8
797 12.79 100 3.95 8
2D
3D
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Table 2.3.  Polishing schedule for composite cross-sections. 
 
 
 
 
 
Description Polishing Grit Applied Force, lbs Rotation Speed, rpm Fluid Time, min
320 5 Contrary 150 5
320 4 Contrary 120 2.5
320 4 Complimentary 120 2.5
600 4 Contrary 160 3.25
600 4 Complimentary 160 3.25
800 4 Contrary 200 4
800 4 Complimentary 200 4
1200 4 Contrary 240 5
1200 4 Complimentary 240 5
1.0 µm 3 Complimentary 150 10
1.0 µm 3 Contrary 150 10
1.0 µm 3 Complimentary 150 10
Water
MicroPolish II 1.0 µm 
alumina (Buehler) 
suspension
Grinding
Polishing
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Figure 2.1.  Impact damage imaging and cross-sectional analysis.  (a)  View of back-face damage 
of a composite plate impacted at 50.3 J.  (b)  View of back-face damage of a composite beam 
impacted at 15.0 J.  Red dashed line denotes cross-sectional imaging location.  Optical 
micrographs and corresponding binary conversions of damaged composite cross-sections after 
impact:  (c-f) 2D and 3D plate specimens impacted at 50.3 J, (g-j) 2D and 3D beam specimens 
impacted at 15.0 J. 
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 34 
 
 
Figure 2.2.  Technique for isolating delamination damage from optical cross-sectional images.  
Original tiled optical images (a) are converted to binary (b) using a half-intensity threshold filter.  
Optical noise was removed by discounting groups of pixels with an area less than 0.01 mm2 
using an area thresholding technique (c).  Delamination damage was isolated from other 
damage types manually (d), providing clearly defined groups of pixels used for calculating 
delamination characteristics (e).    
  
Binary Conversion Area Thresholding Damage Isolation
Transverse 
Shear Crack
Delamination
Original Image
Full Converted Binary Image With Highlighted Delaminations
a)
b) c) d)
e)
Small RegionsLarge Region
Damage Area 
Separation
Counted (red highlight)
Discounted
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Figure 2.3.  Representative loading response of 2D and 3D beam specimens.  (a) Elastic 
response for 2D and 3D specimens at 5.0 J of impact energy.  (b)  Impact response at 10.0 J.  
Delamination damage is introduced at the Delamination Threshold Load (DTL).  (c)  Impact 
response at 15.0 J shows multiple delamination events.  (d)  Impact response at 25.0 J.  Loading 
above DTL occurs after the specimen is fully delaminated.   
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Figure 2.4.  Cross-sectional optical images and corresponding binary conversions of 2D beam 
specimens impacted at 5 J (a) and 10 J (b).  Note: delamination damage occurs in samples 
impacted at 10 J but is absent in samples impacted at 5 J.   
  
5 J
10 J
Delamination
a
b
Impact Site
 37 
 
 
Figure 2.5.  Delamination threshold load (DTL) for 2D and 3D beam specimens subject to 
between 10 J and 25 J of impact energy.  Error bars represent one standard deviation of 8 
samples tested per impact energy. 
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Figure 2.6.  Representative load vs. displacement curves for beam specimens.  (a)  3D beam 
specimens with onset of delamination denoted.  (b)  2D specimens showing the three phases of 
loading: elastic, delamination damage, post-delamination. 
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Figure 2.7.  Bending stiffness analysis of impacted composite beam specimens.  (a) 
Instantaneous bending stiffness as a function of displacement for a representative 3D beam 
specimen subject to 15.0 J of impact energy.  (b)  Bending stiffness as a function of impact 
energy in all beam specimens.  The reduction in bending stiffness is attributed to the formation 
of delaminations in the sample during impact.  As this occurs, the stiffness reduces from the 
initial stiffness, So, to a final stiffness, Sn, where n is the number of delaminations present in the 
sample after impact.  Error bars represent one standard deviation of at least 6 samples for each 
data point.   
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Figure 2.8.  Stiffness analysis of impacted composite beams as a function of delamination 
damage.  (a)  Bending stiffness for 2D and 3D beams as a function of number of delaminations.  
(b)  Flexural modulus for 2D and 3D beams as a function of number of delaminations.  Error 
bars represent one standard deviation. 
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Figure 2.9.  Representative loading response of 2D and 3D plate specimens subject to 25.0 J and 
50.0 J impact energy.  Note:  Loading for plate samples impacted at greater than 50.0 J of 
impact energy exceeded the capacity of the load cell and are not shown. 
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Figure 2.10.  Damage comparison between an impacted beam and an impacted plate.  
(a)  Cross-sectional image of a 2D beam specimen after a 10.0 J (3.89 J/cm3) impact.  (b)  
Cross-sectional image of a 2D plate specimen after a 50.3 J (3.59 J/cm3) impact.  Note: 
delamination damage in the beam specimen spans the entire unclamped region while 
delamination damage in the plate specimen does not. 
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Figure 2.11.  Delamination damage characterization for 2D and 3D beam specimens.  (a) Cross-
sectional delamination opening vs. impact energy.  (b)  Total delamination length vs. impact 
energy.  Error bars represent one standard deviation of at least 3 measurements for each data 
point. 
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Figure 2.12.  Delamination damage characterization for 2D and 3D plate specimens.  (a) Cross-
sectional delamination opening vs. impact energy.  (b)  Total delamination length vs. impact 
energy.  Error bars represent one standard deviation of at least 3 measurements for each data 
point. 
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Figure 2.13.  Crack deflection in the vicinity of a through thickness Z-tow in a 3D composite 
beam specimen subject to 25.0 J of impact energy. 
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Delamination 
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Figure 2.14.  Symmetry analysis of impact damage in plate specimens.  (a) Optical image of 
back-face damage in 3D composite plate subject to 50.3 J of impact energy.  Angular 
orientation (θ) for cross-sectional analysis is defined based on alignment with the warp 
direction.  (b)  Optical image of back-face damage in a 2D composite plate subject to 50.3 J 
impact energy.  (c) Delamination opening as a function of orientation angle.  (d) Total 
delamination length as a function of orientation angle.  Error bars represent the standard 
deviation of at least 3 measurements for each data point.  
Warp (0⁰)
Weft (90⁰)
2D3Da) b)
θ
Warp (0⁰)
Weft (90⁰)
2D3Da) b)
θ
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CHAPTER 3:  IMPACT OF 2D AND 3D WOVEN COMPOSITES, PART II:  POST-
IMPACT MECHANICAL RESPONSE 
3.1. Introduction 
To improve the impact damage resistance of composites, three-dimensionally (3D) woven 
fabric architectures have been explored as an alternative to traditional two-dimensional (2D) or 
unidirectional laminates.  In this chapter, we contrast the post-impact mechanical performance 
of 2D and 3D woven composites manufactured with the same areal density and material 
construct using two separate post-impact testing protocols.  Correlations between post-impact 
mechanical performance and impact damage measurements made in Chapter 2 are presented. 
3.2. Materials and Methods 
3.2.1 Composite Manufacturing 
Plate and beam samples used in this chapter were prepared according to Section 2.2.1. 
3.2.2 Impact Testing 
Impact of beam specimens was performed according to Section 2.2.2.1.  Impact of plate 
specimens was performed according to Section 2.2.2.2.  Calculation of sample displacement, 
velocity, and acceleration during impact were done according to the impact dynamics 
presented in Section 2.2.2.3. 
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3.2.3 Flexure After Impact (FAI) Testing 
Flexure testing was conducted on a universal load frame (model 5984; Instron; Norwood, MA) 
with an affixed 5 kN load cell according to ASTM D6272.  Samples were tested in four-point-
bending at 2 mm/min crosshead displacement rate with an outer span of 80 mm and an inner 
span of 40 mm.  All loading and support pins had a 6.35 mm radius of curvature.  Center-point 
deflection was measured by tracking the displacement of a spring loaded plunger in contact 
with the specimen during testing.  Displacement of the plunger was measured with a non-
contact video extensometer (model AVE 2663-821; Instron).  Hardware was controlled and data 
was collected with Bluehill 3 (Instron) testing software.  Samples were tested until visual and 
audible signs of fiber failure were observed. 
Maximum flexural stress in the beam occurs between the two central loading pins at the outer 
edges of the sample thickness and is calculated using Eulerian beam theory as: 
𝜎𝑓 = 
3𝑃𝐿
4𝑤𝑡2⁄                (3.1) 
where σf is the stress at the outer edge of the beam throughout the mid-span, P is the load, L is 
the support span, w is the width of the beam, and t is the thickness of the beam.  Maximum 
flexural strain also occurs at the outer edge of the sample thickness throughout the mid-span 
and is calculated using: 
𝜖𝑓 =
109𝛿𝑤
25𝐿2⁄                (3.2) 
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where εf is the maximum strain and δ is the center-point deflection of the beam.  The secant 
flexural modulus, Ef, was then calculated between strain values of 0.003 and 0.005 in the elastic 
loading region using, 
𝐸𝑓 = 
𝜎𝑓
(𝜖𝑓=0.005) − 𝜎𝑓
(𝜖𝑓=0.003)
0.005 − 0.003
= 500 (𝜎𝑓
(𝜖𝑓=0.005) − 𝜎𝑓
(𝜖𝑓=0.003))               (3.3) 
where 𝜎𝑓
𝜀𝑓=0.003and 𝜎𝑓
𝜀𝑓=0.005 are the flexural stresses at flexural strain values of 0.003 and 
0.005, respectively. 
3.2.4 Compression After Impact (CAI) Testing 
In-plane compression testing was conducted on a hydraulic load frame (Model 812; MTS 
Systems Corporation; Evanston IL) with an Instron model 8800 controller at a cross-head speed 
of 1 mm/min according to ASTM D7137.  During testing, samples were secured using an 
adapted CAI fixture modified to accommodate 101 x 101 mm plate specimens.   This fixture 
utilizes edge guides on the sides, top, and bottom to prevent global buckling during testing.  To 
ensure consistency of clamping conditions between tests, stainless steel shim stock (100 µm 
thickness) was placed between the sample and each guide while the guides were secured in the 
fixture.  The shim was then removed prior to testing, leaving a 100 µm gap between the anti-
buckling guides and the specimen on all sides.  Samples were tested with the warp axis aligned 
to the loading direction.  Panels were loaded until failure was observed across the width of the 
sample. 
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Compressive stress, σc, in the plate was calculated using: 
𝜎𝑐 =
𝑃
𝑤𝑡⁄                (3.4) 
where P is the applied compressive load, w is the plate width, and t is the plate thickness.  
Compressive strain, εc, in the plate was calculated using: 
𝜀𝑐 =
𝛿
𝐿⁄                (3.5) 
where δ is the cross-head displacement and L is the length of the plate.  The compressive 
tangent modulus as a function of strain, Ec(εc), was calculated across the domain using: 
𝐸𝑐(𝜀𝑐) =
𝜎𝑐
(𝜀𝑐+0.00125) − 𝜎𝑐
𝜀𝑐
(𝜀𝑐 + 0.00125) − 𝜀𝑐
= 800(𝜎𝑐
(𝜀𝑐+0.00125) − 𝜎𝑐
𝜀𝑐)               (3.6) 
where 𝜎𝑐
𝜀𝑐  and 𝜎𝑐
(𝜀𝑐+0.00125) are the compressive stresses at strain values of εc and (εc + 
0.00125) respectively.  Finally, the maximum compressive tangent modulus, 𝐸𝑐𝑚𝑎𝑥, was defined 
as the maximum value of the compressive tangent modulus. 
3.3. Results and Discussion 
3.3.1 Flexure After Impact (FAI) Testing 
Figure 3.1 depicts representative stress vs. strain curves for both 2D and 3D beam specimens 
during FAI testing.  Both compressive strength and modulus is reduced as impact energy 
increases for both 2D and 3D composites.  Failure is clearly identified in the stress vs. strain 
curve by the sudden reduction in load correlating with the emergence of visible and audible 
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signs of failure.  Undamaged samples or samples impacted with 5.0 J of energy commonly failed 
in shear near one of the loading pins.  Specimens impacted at higher energies all failed via 
compressive fiber buckling between the loading pins.  Interestingly, the change in failure mode 
from shear-dominated to buckling-dominated correlated with the appearance of inter-ply 
delaminations during impact testing, as depicted in Figure 2.4, described in Section 2.3.1. 
Flexural strength as a function of impact energy is presented in Figure 3.2a.  As impact energy 
increases, both 2D and 3D composites exhibit reduced flexural strength.  For both fiber 
architectures, samples impacted at 5.0 J do not exhibit appreciable damage and as a result the 
flexural strength is relatively unaffected.  However, at 10.0 J impact energy, significant 
delamination damage is introduced and flexural strength is severely reduced (ca. 40%).  2D 
composites show larger reductions in post-impact strength at the same impact energy 
compared to 3D architectures.  The through thickness Z-tows in 3D composites limit 
delamination damage during impact through crack bridging and delamination crack deflection 
(as described in Section 2.3.3.1) ultimately leading to improved post-impact performance of 3D 
woven composites.   
Flexural modulus as a function of impact energy is presented in Figure 3.2b.  At all impact 
energies, the moduli of 2D composites is greater than 3D composites as a result of the 
increased fiber volume fraction of 2D composites obtained during composite manufacture.  
Regardless, as impact energy increases, flexural modulus is reduced in both 2D and 3D 
composite samples at approximately the same rate.   Again, reductions in flexural modulus 
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correlate with the formation of inter-ply delaminations during impact further confirming that 
FAI testing results are sensitive to delamination damage from impact.  Fiber volume fraction 
normalized flexural strength and moduli are presented in Figure 3.3a and 3.3b, respectively.  As 
a result of fiber volume fraction normalization, the post-impact flexural strength data of 2D and 
3D composites diverges slightly and indicates that 3D composites have a slightly higher nominal 
strength (0 J).  However, the moduli data converges as a result of the normalization, though 2D 
composites still have higher flexural modulus retention, generally. 
3.3.2  Compression After Impact (CAI) Testing 
Figures 3.4a and 3.4b depict representative stress vs. strain curves for both 2D and 3D plate 
specimens during CAI testing, respectively.  Failure is clearly identified by sudden reduction in 
the load corresponding to fiber kinking and shear band formation across the width of the 
specimen.  Two large reductions in load are typically observed.  Failure first runs from one edge 
of the specimen to the damage region then later occurs on the other side during a second 
failure event to create a continuous damage path across the sample width through the entire 
impact damage area.  Unlike beams tested during FAI, differences in the strain to failure, 
maximum strength, and modulus are not as easily distinguished across the various impact 
energies. 
Compressive strength and maximum compressive tangent modulus as a function of impact 
energy are plotted in Figures 3.5a and 3.5b, respectively.   Unlike beam specimens during FAI 
testing, mechanical performance of plate specimens during CAI testing is much less sensitive to 
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increases in impact energy.  Even at the highest impact energies tested, reductions in post-
impact strength were limited to 25% in the worst case (2D composites, 100 J).  3D composites 
show no significant reduction in post-impact strength and modulus at any impact energy 
tested.  Retention of mechanical properties in 3D composites is attributed to the through 
thickness reinforcement which binds fabric layers together to limit localized buckling in the 
vicinity of impact damaged regions. 
3.3.3 Comparison of CAI and FAI Protocols 
CAI and FAI testing are directly compared by normalizing key parameters.  Impact energy is first 
scaled by the unclamped sample volume for both CAI and FAI geometries, yielding impact 
energy density.  For beams, this was calculated using: 
?̅? = 𝑈 𝐿𝑤𝑡𝑏𝑒𝑎𝑚
⁄                 (3.7) 
and for plates this was calculated using: 
?̅? = 4𝑈 𝜋𝐷2𝑡𝑝𝑙𝑎𝑡𝑒
⁄                 (3.8) 
where ?̅? is the impact energy density, U is the impact energy, L is the unclamped beam span, w 
is the beam width, tbeam is the beam thickness, tplate is the plate thickness, and D is the 
unclamped diameter of the plate.  Post-impact mechanical properties are then normalized by 
undamaged properties of the same sample type.  Normalized strength and moduli as a function 
of calculated impact energy density for 2D and 3D plates and beams subject to CAI and FAI 
testing are plotted in Figure 3.6.  Both 2D and 3D samples tested using the FAI protocol exhibit 
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larger reductions in strength and modulus at the same impact energy density when compared 
to those tested using the CAI protocol, demonstrating that the FAI testing protocol yields 
results that are more sensitive to the presence of impact damage when compared to CAI 
testing.  As delamination damage from impact is introduced into the specimens, the geometric 
characteristics of the impacted beams and plates change.  Specifically, the area moment of 
inertia of the cross-sections are reduced.  For plates in compression, the reduced area moment 
of inertia has little effect on the stress state.  However, for beams the reduction in cross-
sectional area moment of inertia significantly amplifies the stress in the separated layers.  In 
example, Figures 3.7 and 3.8 depict model damaged and undamaged beam and plate 
specimens in flexure and compression, respectively.  Damaged plates and beams in these 
figures contain a theoretical mid-plane delamination of zero thickness.  The resulting stress 
amplification from the introduction of damage is then calculated for beams and plates in Tables 
3.1 and 3.2, respectively.  Notably, with a mid-plane delaminations in plate specimens, there is 
no stress amplification.  However, with a mid-plane delamination in beam specimens, the stress 
is locally amplified in the delaminated region by a factor of 4, demonstrating that the FAI 
protocol is significantly more sensitive to the formation of delamination damage then the CAI 
protocol. 
3.3.4 Correlation of Damage Extent to Mechanical Performance 
Prior analysis and characterization of the extent of impact damage (Section 2.3.3.1, Figures 2.11 
and 2.12) for CAI and FAI testing was used to correlate post-impact mechanical properties with 
total delamination length in Figures 3.8a-d.    Figure 3.9a plots normalized flexural strength as a 
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function of total delamination length.  A general negative correlation is observed for both 2D 
and 3D composites, demonstrating that increasing delamination length considerably reduces 
the residual flexural strength of the composite.  This results from the stress amplification which 
occurs as a result of the changes in cross-sectional moments of inertia as delamination damage 
is introduced, as discussed in Section 3.3.3.  Interestingly, the 3D composites have a higher 
residual strength at the same delamination length as 2D samples, likely because of the load 
sharing and resistance to buckling which occurs across delaminated regions in 3D composites 
through the penetrating Z-tows.  Figure 3.9b depicts the normalized flexural modulus of beam 
specimens as a function of total delamination length.  Again a negative correlation between the 
two variables is observed for both 2D and 3D composites as a result of the changing area 
moment of inertia which occurs in the beams with the introduction of delamination damage. 
Normalized compressive strength as a function of total delamination length is plotted in Figure 
3.9c.  2D composites show a reduced compressive strength with increasing delamination 
damage while 3D samples do not.  Failure of plates during CAI occurs through local buckling 
mechanisms near the delaminated regions.  3D composites are more likely to resist localized 
buckling in the vicinity of the delaminated region since the through thickness Z-tows provide 
lateral resistance to buckling during testing.  2D composites do not have through thickness tows 
and thus do not have a mechanism to resist buckling in the same manner.  As a result, the 2D 
composites are more sensitive to the introduction of delamination damage and have lower 
compressive strengths than 3D composites containing the same measured delamination length.  
Finally, the normalized maximum tangential compressive modulus is plotted as a function of 
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total delamination length in Figure 3.9d.  For both 2D and 3D composites, the modulus is 
insensitive to total delamination length.  Since fibers are undamaged during impact, load 
sharing is maintained throughout the composite and the modulus is unaffected by the 
introduction of the delamination. 
3.4 Conclusions 
In this paper, post-impact mechanical performance of 2D and 3D woven composites of the 
same areal density and material components were evaluated using both Flexure After Impact 
(FAI) and Compression After Impact (CAI) testing protocols.    Analysis of the CAI and FAI test 
results reveal that at the same impact energy density, the FAI testing protocol results in larger 
reductions in mechanical performance compared to the CAI testing protocol.  Post-impact 
strengths and moduli of beam samples are more sensitive to delamination damage imparted 
during impact as a result of the change in cross-sectional area moment of inertia which locally 
amplifies the stress state in the beam near the delaminations.  Regardless of the testing 
protocol used, 2D composites had lower post-impact strengths than 3D composites impacted at 
the same impact energy, likely because Z-tows in 3D composites resist buckling failures during 
mechanical testing and limit delamination opening through crack bridging and delamination 
crack deflection during impact.  The FAI protocol is recommended as a replacement or an 
adjunct to the CAI protocol for future post-impact mechanical assessment since the FAI 
protocol requires approximately 4.5x less material, does not require anti-buckling fixtures, and 
is more sensitive to the presence of delamination damage.  
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3.5 Tables and Figures 
 
Table 3.1.  Formula for calculating the area moment of inertia, maximum flexural stress, and 
stress amplification from delamination for the model undamaged and damaged beam 
specimens depicted in Figure 3.7.  Here, M is the applied flexural moment, w is the sample 
width, t is the sample thickness, Io and I’ are the area moments of inertia of the undamaged and 
damaged beams, respectively, and 𝜎𝑚𝑎𝑥
𝑜  and 𝜎𝑚𝑎𝑥
′  are the maximum flexural stresses of the 
undamaged and damaged beams, respectively. 
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Table 3.2.  Formula for calculating the cross-sectional area, maximum compressive stress, and 
stress amplification from delamination for the model undamaged and damaged plate 
specimens depicted in Figure 3.8.  Here, P is the applied compressive load, w is the sample 
width, t is the sample thickness, Ao and A’ are the cross-sectional areas of the undamaged and 
damaged plates, respectively, and 𝜎𝑚𝑎𝑥
𝑜  and 𝜎𝑚𝑎𝑥
′  are the maximum compressive stresses of 
the undamaged and damaged plates, respectively. 
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Figure 3.1.  Representative flexural stress vs. flexural strain during FAI testing.  (a)  2D 
composite beams impacted over a range of impact energies (0-25 J).  (b) 3D composite beams 
impacted over a range of impact energies (0-25 J). 
 
Figure 3.2.  Mechanical properties obtained by FAI testing.  (a) Post-impact flexural strength as 
a function of impact energy for 2D and 3D composites.  (b)  Post-impact flexural modulus as a 
function of impact energy for 2D and 3D composites.  Note that delamination damage is 
introduced at impact energies above 10 J.   
 60 
 
 
Figure 3.3.  Mechanical properties obtained by FAI testing, normalized by fiber volume fraction.  
(a)  Fiber volume fraction normalized post-impact flexural strength as a function of impact 
energy.  (b)  Fiber volume fraction normalized post-impact flexural modulus as a function of 
impact energy. 
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Figure 3.4.  Representative compressive stress vs. compressive strain during CAI testing.  (a)  2D 
composite plates impacted over a range of impact energies (0-100 J).  (b)  3D composite plates 
impacted over a range of impact energies (0-100 J).   
 
Figure 3.5.  Mechanical properties obtained by CAI testing.  (a) Post-impact compressive 
strength as a function of impact energy for 2D and 3D composite plates.  (b)  Post-impact 
maximum tangent compressive modulus as a function of impact energy for 2D and 3D 
composite plates.  Error bars represent one standard deviation of at least 5 samples. 
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Figure 3.6.  Comparison of FAI and CAI results.  (a) Normalized post-impact strength as a 
function of impact energy density for composite beams (FAI) and plates (CAI).  (b)  Normalized 
post-impact modulus as a function of impact energy density for composite beams (FAI) and 
plates (CAI).  In both figures, error bars represent the standard deviation of at least 5 samples. 
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Figure 3.7. The cross-sections of model beams in flexure with an applied moment, M. (a) An 
undamaged beam with thickness, t.  (b)  A damaged beam containing a mid-plane delamination 
locally separating the single beam into two separate beams, each with thickness t/2. 
 
 
Figure 3.8.  The cross-sections of model plates in compression with an applied load, P. (a) An 
undamaged plate with thickness, t.  (b)  A damaged plate containing a mid-plane delamination 
locally separating the single plate into two separate plates, each with thickness t/2. 
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Figure 3.9.  Correlation of post-impact mechanical properties with total delamination length.  
(a,b) Normalized flexural strength and flexural moduli as a function of total delamination length 
for 2D and 3D beam specimens subject to the FAI testing protocol.  (c,d)  Normalized 
compressive strength and maximum tangential moduli as a function of total delamination 
length for 2D and 3D plate specimens subject to the CAI testing protocol.  In all figures, vertical 
error bars represent the standard deviation of at least 5 measurements and horizontal error 
bars represent the standard deviation of at least 3 measurements. 
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CHAPTER 4:  REPEATABLE HEALING OF DELAMINATION DAMAGE IN 
VASCULAR COMPOSITES BY PRESSURIZED DELIVERY OF HEALING AGENTS 
4.1. Introduction 
In this chapter, we utilize pressurized delivery of epoxy and amine based healing agents 
through internal microchannels of damaged glass/epoxy composites to facilitate in-situ 
component mixing and healing of the damage.  Using double cantilever beam fracture testing, 
approximately 100% recovery of critical strain energy release rate was observed after delivery 
and polymerization of healing agents in the fracture plane at room temperature.  Component 
delivery ratios and delivery timings were varied and their effect on the healing efficiency was 
recorded.  By purging channels with air after healing agent delivery, up to ten fracture/healing 
cycles were demonstrated.  Following fracture tests, confocal Raman spectroscopy was utilized 
across multiple points on the fracture planes of healed specimens to quantify in-situ mixing 
efficiency of the delivered agents.  In-situ mixing efficiency of the various pumping profiles 
correlated with healing efficiency of fracture testing.  
4.2. Experimental Methods 
4.2.1 Double Cantilever Beam Specimen Manufacture 
To prepare vascularized composites, 4 layers of 814 g/m2 S2-glass plain weave fabric (Owens 
Corning; Toledo, OH) measuring 27.9 x 27.9 cm were arranged in a [0/90]s sequence.    An 
ethylene tetrafluoroethylene (ETFE) release film (Airtech Internatonal Inc.; Hutington Beach, 
CA) measuring 8.9 x 27.9 cm was then placed in the mid-plane near the edge of the preform to 
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serve as a pre-crack film in later fracture testing.  Sacrificial fibers (500 μm diameter), prepared 
according to Esser Kahn et al. [79], were then stitched by hand into the preform to define the 
microchannel network.  One additional layer of fabric was then placed on both the top and 
bottom layers of the stitched preform to embed the sacrificial fibers within the preform stack, 
yielding a final lay-up sequence of [90/0/90]s.  Araldite LY / Aradure 8605 epoxy resin (100:30 
ratio w/w%; Huntsman Mfg.; Alvin, TX) was infused into the preform by vacuum assisted resin 
transfer molding (VARTM) under vacuum at 36 torr.  After 30 hours at 23 ⁰C, the solidified 
composite was removed from vacuum and placed in a convection oven for 2 h at 121 ⁰C and an 
additional 3 h at 177 ⁰C to complete the manufacturer’s recommend cure cycle.  After curing, 
samples were placed in a vacuum oven at 200 ⁰C for 24 h to evacuate the sacrificial fibers.  The 
revealed microchannel network was sequentially flushed with acetone, de-ionized water, and 
air to clear any obstructions. 
Double cantilever beam specimens (DCBs) were cut from the cured panel to the dimensions 
depicted in Figure 4.1a using a water cooled diamond saw.  The DCB specimen contains three 
internal microchannels that traverse the entire length of the specimen.  The microchannels are 
subsequently opened during interlaminar fracture testing after 25 mm of crack propagation at a 
location designated the ‘piercing point’ (Figure 4.1b).  Once the sample is unloaded, the 
microchannels are pressurized to deliver healing agents to the interlaminar crack plane (Figure 
4.1c). 
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4.2.2 Fracture Testing and Healing Protocols 
Mode I fracture testing of DCBs was carried out following ASTM D5528.  Samples were loaded 
at a rate of 250 μm / s and unloaded (where applicable) at 750 μm / s.  During the first (virgin) 
and subsequent (healed) fracture tests, crack propagation was monitored from above the 
sample using a digital camera (Model A631fc; Basler AG; Ahrensburg, Germany) with a zoom 
lens (LM16HC; Kowa Optimed Inc.; Torrance, CA) while backlighting the sample during testing 
and following the optical mismatch induced through crack propagation [101].  In all virgin 
fracture tests the crack was propagated approximately 50 mm from the pre-crack region before 
unloading.  While the sample was held closed in the test frame, liquid epoxy resin EPON 8132 
and amine-based hardener Epikure 3046 (Miller-Stephenson; Morton Grove, IL) were pumped 
into their respective microchannels to the fracture plane using a pressure controlled delivery 
pump (Ultimus V; EFD Nordson Inc.; East Providence, RI) through 510 μm diameter precision 
dispense tips (EFD Norton Inc.) following the on/off pumping scheme outlined in Figure 4.2.  
Pump timing and component delivery profiles varied according to the parameters listed in 
Tables 4.1 and 4.2, providing 20 unique pumping profiles. The range of parameters studied was 
predicated on prior studies using similar epoxy and amine based healing agents [78, 102].  
Following delivery of healing agents, samples were clamped using two 1/4” binder clips at each 
end of the specimen.  The edges of the sample were wiped of excess healing agent and the 
entire specimen was placed in a 30 ⁰C oven for 48 h to ensure consistent healing conditions.  In 
samples undergoing multiple fracture and healing cycles, microchannels were purged with air 
(5 psi) after initial healing agent delivery and maintained throughout the 48 h healing period in 
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order to keep microchannels clear of blockages for subsequent healing cycles.  Samples subject 
to only one healing cycle did not use an air purge during healing.  Healed samples were then 
tested to the same crack propagation length as virgin tests using the same loading rates.  
Samples undergoing multiple healing cycles were unloaded and subject to immediate re-
delivery of healing agents and the same healing conditions for up to 10 cycles of crack 
propagation and healing.  Samples used for fracture plane imaging or Raman spectroscopy 
were split open fully to provide unhindered visual access to the fracture plane after the final 
healing cycle.  
For both virgin and healed fracture tests, critical strain energy release rates were calculated 
using the area method according to the equation: 
𝐺𝐼𝐶 = 
∆𝑈
𝑏∆𝑎
               (4.1) 
where GIC is the critical strain energy release rate, b is the sample width, Δa is the change in 
crack length during testing and ΔU is the change in elastic strain energy in the sample induced 
from the release of fracture energy, calculated as the change in area under the 
load/displacement curves during fracture testing as: 
∆𝑈 = (∫ [𝑃(𝛿)𝑙𝑜𝑎𝑑 − 𝑃(𝛿)𝑢𝑛𝑙𝑜𝑎𝑑] 𝑑𝛿
𝛿𝑓
0
)|
∆𝑎 = 50 𝑚𝑚
               (4.2) 
where P(δ)load and P(δ)unload are the load and unload curves of the tested sample and δf is the 
displacement at which the crack propagation (Δa) reaches 50 mm and the sample is unloaded.  
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Healing efficiency is then defined as the ratio of virgin to healed critical strain energy release 
rates as: 
𝜂𝑖 ≡ 
𝐺𝐼𝐶
𝐻𝑒𝑎𝑙𝑒𝑑,𝑖
𝐺𝐼𝐶
𝑉𝑖𝑟𝑔𝑖𝑛
               (4.3) 
where GIC
Virgin is the virgin critical strain energy release rate and ηi and GIC
Healed,i are the healing 
efficiency and healed critical strain energy release rate, respectively, of the ith healing cycle.  
Since the virgin and healed specimens have the same width and are propagated to the same 
final crack length, the definition of healing efficiency simplifies to the ratio of the change in 
elastic strain energy: 
𝜂𝑖 = 
∆𝑈𝐻𝑒𝑎𝑙𝑒𝑑,𝑖
∆𝑈𝑉𝑖𝑟𝑔𝑖𝑛
.               (4.4) 
4.2.3 Crack Plane Fractography 
Fracture planes of DCB specimens were investigated using fluorescent imaging and electron 
microscopy to characterize the distribution of healing agents on the fracture plane.  Fluorescent 
images were obtained using a digital camera (Model A631fc; Basler AG; Ahrensburg, Germany) 
with a 50 mm zoom lens (AF Nikkor; Nikon; Chiyoda, Tokoyo, Japan).  To enhance fluoresent 
imaging of the healing agents, EPON 8132 resin was dyed with 0.025 wt% nile red and Epikure 
3046 hardener was dyed with 0.050 wt% fluorescein (Sigma Aldrich; St. Louis, MO).  Samples 
were illuminated with 450-465 nm blue LED lights (CREE, Inc.; Durham, NC).  Emission of the 
resin occurred in the red spectrum (~625 nm) while the hardener emitted in the green (~550 
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nm).  The illuminating blue light was filtered by placing a 500 nm longpass optical filter 
(Edmund Optics; Barrington, NJ) between the illuminated sample and the camera lens.  
Scanning electron micrographs were obtained on a Quanta 450 FEG-ESEM (FEI Company; 
Hillsboro, OR) at 10 kV using a secondary electron detector. 
4.2.4 Raman Spectroscopy 
Raman spectroscopy has been used previously in the investigation of epoxy based polymers to 
determine the degree of cure during the polymerization of epoxy and amine based reactants 
[78, 103, 104].  Hardis et al. and Merad et al. both correlated degree of cure using Raman 
microscopy to the degree of cure measured using DSC with good agreement [103, 104].  
Intensities of the reactive oxirane peak at 1256 cm-1 were compared with the reaction invariant 
phenyl peaks at 1606 cm-1 in the epoxy resin to track the degree of cure over time.  Patrick et 
al. similarly monitored the peak oxirane/phenyl ratios during a 48 h cure of various mixtures of 
EPON 8132 and Epikure 3046 at both room temperature and 30 ⁰C to characterize 
polymerization [78].  A reaction invariant amide peak at 1649 cm-1 was also identified in the 
amine-based hardener which is useful for quantifying the amount of amine present (when 
compared to other reaction invariant peaks). 
In this work, the reaction invariant phenyl and amide peaks in the EPON 8132 epoxy and 
Epikure 3046 hardener were monitored to determine the compositional mix of the healing 
agents at specific locations along the healed DCB fracture plane. Since both phenyl and amide 
peaks are reaction invariant, the ratio of the two is also reaction invariant and provides a 
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convenient measure of healing agent composition that is independent of the degree of cure. 
Stokes Raman spectra were measured using a Horiba model LabRAM HR 2D Raman confocal 
imaging microscope win an affixed Andor Newton DU970P EMCCD camera (1600 x 200 pixels) 
using a 100x objective and a 785 nm near-IR laser.  Hardware was controlled and spectra were 
analyzed with LabSpec 5 (v5.78.24) spectroscopy software with a 950 µm confocal hole 
diameter, 100 μm slit width, 300 grooves/mm diffraction grating, 60 s acquisition time and a 
~1.5  µm spot size diameter across a spectral range of 1000 cm-1 – 2000 cm-1.   
4.2.4.1 Reference Calibration 
The phenyl to amide peak ratios over a range of concentrations of healing agents were 
obtained by Raman spectroscopy to provide a calibration curve.  Scintillation vials (20 mL)  
containing a designated mixture of EPON 8132 and Epikure 3046 were prepared and degassed 
under vacuum for 15 min.  Sample mixtures contained either 0%, 29.1%, 45.1%, 52.2%, 62.1%, 
68.6%, 76.7%, 86.7%, or 100% EPON 8132 resin by volume.  After degassing, approximately 15 
mg of each mixture was placed in an aluminum sample pan and cured in a convection oven at 
30 ⁰C for 48 h to simulate healing conditions.  Raman spectra were then collected and the ratio 
of the phenyl to amide peak intensities (Ψ) was recorded as: 
𝛹 = 
𝐼1606𝑐𝑚−1
𝐼1649𝑐𝑚−1
               (4.5) 
where I1606cm
-1 and I1649cm
-1 are the Raman spectra intensities at Raman shifts of 1606 cm-1 
(phenyl moiety) and 1649 cm-1 (amide moiety).  Example spectra of the EPON 8132 resin and 
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Epikure 3046 hardener, as well as a stoichiometric mixture of the two components after 48 h at 
30 C is provided in Figure 4.3.  Phenyl to amide peak ratios as a function of resin concentration 
(v/v%) are provided in Figure 4.4.  A calibration curve was fit to the data: 
𝛹(𝑅) = 𝑎 (
𝑅
1 − 𝑅
) + 𝑏,        0 ≤ 𝑅 ≤ 1               (4.6) 
where R is the resin concentration (v/v%) in the mixture and a and b are constants from the 
calibration experiments (a = 0.774, b = 0.323).  Solving for the resin concentration yields, 
𝑅(Ψ) =  
𝛹 − 𝑏
𝛹 + (𝑎 − 𝑏)
               (4.7) 
which allowed for the resin concentration to be determined from the measured phenyl to 
amide peak ratios at various locations along the fracture planes of healed DCB specimens. 
4.2.4.2 Stoichiometric Proximity 
With the reference calibration between volumetric resin concentration and phenyl to amide 
peak ratios established, a metric of stoichiometric proximity was defined as: 
𝜃(𝑅) =
{
 
 [(
1
1.9
) (
𝑅
1 − 𝑅
)]    , 𝑅 ≤ 𝑅𝑠               (4.8𝑎)
[(
1
1.9
) (
𝑅
1 − 𝑅
)]
−1
, 𝑅 ≥ 𝑅𝑠               (4.8𝑏)
 
where R is the percentage of EPON 8132 resin (v/v%) in the EPON 8132/Epikure 3046 healing 
agent mixture, Rs is the volumetric percentage of EPON 8132 in a perfectly mixed aliquot of 
stoichiometrically mixed healing agents (Rs = 0.655), and θ is the stoichiometric proximity.  
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Stoichiometric proximity ranges from zero to one and provides a normalized parameter 
describing how close the scanned material is to stoichiometric conditions; a value of zero 
indicates either 100% resin (R = 1.0) or 100% hardener (R = 0.0), a value of 0.5 indicates the 
presence of twice the stoichiometric amount of resin (R = 0.792) or hardener (R = 0.487), and a 
value of one indicates the presence of healed material at the stoichiometric ratio (R = 0.655). 
4.2.4.3 Assessment of Healing Agent Mixing 
Fracture specimens utilized for Raman spectroscopy were scanned after one or ten healing 
cycle(s).  Fifteen spatial locations on each fracture plane were investigated across a grid-like 
sample domain for x = 5, 15, 25, 35, 45 mm (fracture propagation direction) and y = 5, 12.5, 20 
mm (sample width; coordinate axes depicted in Figure 1a).  The stoichiometric proximity, θx,y, 
was calculated at each spatial location according to Equations 8a and 8b.  An average 
stoichiometric proximity (?̅?) was then calculated for each sample across the entire fracture 
surface.  Finally, the average stoichiometric proximity across the width (?̅?𝑦) was calculated from 
the resin concentration measured across the sample width (y = 5, 12.5, and 20 mm) at each 
point along the fracture length (x = 5, 15, 25, 35, 45 mm). 
4.3. Results and Discussion 
4.3.1 Fracture Testing 
Representative virgin and healed load vs. displacement curves from DCB fracture testing are 
presented in Figure 4.5.  Both virgin and healed samples display characteristic stick-slip fracture 
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behavior as a result of the coarse fabric architecture of the composite.  The average mode I 
critical strain energy release rate (G1C) of virgin samples was 975 ± 88 J/m
2. 
4.3.1.1 Single Cycle Healing Results 
Healing efficiency as a function of resin concentration delivered across the pumping protocols 
described in Section 4.2.2 is plotted in Figure 4.6 for the first healing cycle.  The best 
performance was obtained using the 30 second pulse length at stoichiometric delivery 
concentration in which fully 94.7% of the virgin fracture toughness was recovered.  Generally 
increased pumping pulse duration during delivery of the healing agents led to better 
performance as a result of more complete crack plane coverage between pulses.  Additionally, 
when pumping pulses were long, healing performance was best when the stoichiometric 
amount of healing agents was delivered.  Interestingly, healing efficiency is tolerant of excess 
hardener conditions as healing efficiencies were approximately 90% when twice the 
stoichiometric amount of hardener was delivered.  The delivery of twice the stoichiometric 
amount of resin, however, led to less effective healing performance, with only 55% recovery 
observed in the best case.  In all control cases involving only resin or hardener component 
delivery, no healing was observed. 
4.3.1.2 Multiple Healing Cycle Results 
For all tests involving multiple fracture and healing cycles, the delivery of healing agents 
occurred at stoichiometric conditions with the longest (30 sec) pulse length since this delivery 
scheme provided the best performance during single healing cycle testing.  Example load vs. 
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displacement curves of a single sample undergoing multiple fracture and healing cycles are 
plotted in Figure 4.7a.   In all cases, a significant drop in load occurs at roughly 20 mm of 
displacement as a result of relatively poorly healed material in the vicinity of the piercing point.  
Regardless, well-cured material forms far away from the piercing point and nearly full recovery 
of fracture load occurs during the initial loading of the healed specimens.  Healing efficiency 
over ten fracture and healing cycles is plotted in Figure 4.7b.  Healing performance is relatively 
constant over a range of η = 0.45 to 0.67.  Testing was arbitrarily stopped after 10 fracture and 
healing cycles.  The recovery of damage over multiple fracture events is a distinct improvement 
over previous vascular-based composites healing schemes in which only 3 healing cycles were 
demonstrated [78].  If no blockages develop in the delivery channels, the replenishment of 
healing agents to the fracture plane can continue indefinitely. 
4.3.2 Fracture Plane Analysis 
A fluorescent image of the fracture surface of a DCB specimens after 10 cycles of healing is 
depicted in Figure 4.8a.  Colors in the image indicate the presence of the healing agents.  Pure 
resin (θ = 0, R = 1) appears red, pure hardener (θ = 0, R = 0) appears green and perfectly mixed 
components (θ = 1, R = 0.655) would yield a yellow-orange color across the fracture plane.  The 
distribution of components near the front and back of the fracture plane appear mostly green, 
indicating significant hardener presence, while the top and bottom of the sample width in the 
center of the fracture plane appear mostly red, indicating significant resin presence.  Three 
points of interest designated on the fluorescent image were further investigated by scanning 
electron imaging (Figure 4.8b).   Areas with near stoichiometric conditions (Figure 4.8b-1) and 
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with mildly excess resin concentrations (Figure 4.8b-2) show hackle marks indicative of fracture 
through healed material.  However, areas of high resin concentration (Figure 4.8b-3) have a 
smooth appearance, indicative of an unpolymerized liquid film and poor healing. 
4.3.3 Mixing Analysis 
The average stoichiometric proximity across the width (?̅?𝑦) as a function of crack propagation 
length in a sample subjected to 10 repeat fracture and healing events is plotted in Figure 4.9.  
Stoichiometric proximity is lowest in the vicinity of the piercing point and, as a result, the 
healing performance in this region is poor. 
Finally, the average stoichiometric proximity across the entire fracture surface (?̅?) is cross-
correlated with the resin concentration delivered in Figure 4.10.  Interestingly, healing 
efficiencies were high (η > 0.85) even with off stoichiometric conditions on the fracture surface 
(?̅? < 0.6) indicating that perfect mixing of the components across the entire fracture plane is not 
required for adequate healing of delamination damage.  Additionally, the stoichiometric 
proximity and healing efficiency are strongly correlated, indicating that healing performance is 
directly related to the in-situ mixing of the healing agent components. 
4.4 Conclusions 
In this chapter, nearly complete healing of delamination damage was achieved in vascular 
glass/epoxy composite double cantilever beam specimens using delivery of two-part healing 
agents through internal microchannels.  A variety of dynamic pumping protocols were 
investigated and the best performance was achieved using an on/off pumping scheme with 
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long (30 second) pumping pulses.  Delivery of components at stoichiometric conditions 
provided the best healing performance, but healing efficiencies were still high (> 85%) when 
excess amine-based hardener (double the stoichiometric amount) was delivered.  Excess resin 
delivery was less effective for healing, as efficiencies only reaches ca. 50% across all pumping 
protocols investigated.  Samples subject to multiple healing cycles showed lower healing 
efficiencies (ca. 60%) as a result of the air purge used to keep channels clear of blockages.  
However, 10 healing cycles were repeated with up to 67% healing efficiency throughout.  
Confocal Raman spectroscopy was utilized to characterize the in-situ mixing of healing agents 
on the fracture plane of healed specimens.  Stoichiometric proximity (a measure of mixing 
performance) of the healed material on the fracture plane correlated with healing efficiency.  
Thus, the quality of healing provided by vascular delivery of reactive components is directly 
dependent on the in-situ mixing of the components in the crack plane. 
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4.5 Tables and Figures 
 
Table 4.1.  Pump timing profiles for delivery of self-healing components. 
 
 
 
Table 4.2.  Channel contents and delivery ratios for delivery of self-healing components. 
 
  
Designation ton (s) toff (s) # Cycles
Short Pulse 3 5 40
Medium Pulse 6 5 20
Long Pulse 12 5 10
Extra-Long Pulse 30 10 4
Pump Timing Profiles
Designation Resin (# Channels) Hardener (# Channels) Delivery Ratio (v/v%)
Only Resin 1.01 (3) 0 (0) -
Excess Resin 1.20 (2) 0.63 (1) 1.9 : 0.5
Stoichiometric 1.00 (2) 1.05 (1) 1.9 : 1
Excess Hardener 0.74 (2) 1.56 (1) 1.9 : 2
Only Hardener 0 (0) 1.01 (3) -
Component flow rate per channel, µL/s
Component Delivery Profiles
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Figure 4.1.  Microvascular double cantilever beam specimen.  (a) Nominal specimen 
dimensions. (b) Interlaminar crack propagation opens microchannels to the crack plane at the 
piercing point during testing.  (c) Subsequent unloading of the specimen allows pressurization 
of the microchannels and delivery of the healing agents to the crack plane.  Dimensions are in 
mm. 
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Figure 4.2.  Pumping scheme employed for healing agent delivery through vascular networks to 
damaged regions of DCB specimens. 
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Figure 4.3.  Raman spectra of healing agents.  (a) EPON 8132 epoxy resin.  The peak at 1606  
cm-1 is reaction invariant and a signature of the phenyl moiety of the epoxy monomer.  (b) 
Epikure 3046 hardener.  The peak at 1649 cm-1 is reaction invariant and a signature of the 
amide moiety of the hardener molecule.  (c)  A stoichiometric mixture (R = 0.655) of EPON 8132 
and Epikure 3046 after 48 h at 30 ⁰C.  Spectrum for the ratio of phenyl (1606 cm-1) to amide 
(1649 cm-1) peaks is used to calculate the resin concentration over a particular Raman scan spot 
size. 
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Figure 4.4.  Calibration of pheyl to amide peak ratio as a function of resin concentration. 
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Figure 4.5.  Representative load vs. displacement curve of a double cantilever beam fracture 
test during virgin and healed testing.  Healed data was taken from a sample subject to the 
extra-long (30 sec) pulse delivery at stoichiometric concentration. 
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Figure 4.6.  Single cycle healing efficiency (η) as a function of resin concentration delivered for 
DCB fracture testing.  Error bars represent one standard deviation of at least 3 samples for each 
data point. 
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Figure 4.7.  Repeated fracture and healing cycles.  (a) Representative load vs. displacement 
curves for a single DCB sample undergoing multiple cycles of fracture and healing.  (b) Healing 
efficiency as a function of healing cycle.  Error bars represent one standard deviation of the 
healing efficiency measurements for three samples.   
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Figure 4.8.  DCB fracture plane analysis after 10 cycles of fracture and healing.  (a) Fluorescent 
image of a fracture plane.  Resin was dyed with 0.025 wt% nile red, fluorescing in the red 
spectra (~625 nm).  Hardener was dyed with 0.050 wt% fluorescein, fluorescing in the green 
spectra (~550 nm).  (b) Scanning electron microscope images of locations designated (1-3) on 
(a).  Notes:  Fracture propagation is left to right in all images.  All images are of the same 
specimen.  All scale bars are 400 μm. 
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Figure 4.9.  The average cross-width stoichiometric proximity as a function of length along the 
fracture plane for 1 or 10 cycle(s) of fracture and healing.  Error bars represent one standard 
deviation of the data. 
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Figure 4.10.  Average stoichiometric proximity (?̅?) and healing efficiency (η) as a function of 
resin delivered for double cantilever beam specimens utilizing the 30 sec pulse pumping profile.  
Error bars of the average stoichiometric proximity represent the standard deviation of fifteen 
values measured across a single sample’s surface.  Error bars of the healing efficiency represent 
the standard deviation across three fracture samples. 
  
 89 
 
CHAPTER 5:  SELF-HEALING OF IMPACT DAMAGE IN VASCULAR FIBER-
REINFORCED COMPOSITES 
5.1 Introduction 
In this chapter, healing of impact damage in vascular beam specimens is explored using the 
flexure after impact protocol.  Two-part epoxy and amine based healing agents are delivered to 
damaged specimens through an air assisted reagent delivery scheme described first by Krull et 
al. [82] (See Section 1.5.2 for more details).    Flexure testing reveals that the incorporation of 
microchannels into composite beam specimens reduces the strength of the part if impacted 
with 10 J or more of impact energy.  Flexure testing of healed specimens demonstrated 47% 
recovery of strength and 83% recovery of moduli when contrasted with control samples which 
had no agents delivered.  Optical cross-sectional micrographs reveal that not all damage regions 
are infiltrated during healing.  A measure of damage filling efficiency during healing agent 
infiltration was calculated and was found to positively correlate with recovery of post-impact 
strength. 
5.2 Materials and Methods 
5.2.1 Composite Manufacture 
Two items were made during the composite manufacturing process:  vascular beam specimens 
and air assisted reagent propulsion mixing chips.  Vascular beam specimens were manufactured 
to the geometry depicted in Figure 5.1a and were subject to the impact, healing, and flexure 
after impact protocols described in Sections 5.2.2 and 5.2.3.  Air assisted reagent propulsion 
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mixing chips were manufactured to the geometry depicted in Figure 5.1b and were used for 
mixing self-healing components during the healing process. 
To prepare composites, 3 layers of 814 g/m2 Knytex S2-glass plain weave fabric measuring 27.9 
x 27.9 cm (Owens Corning; Toledo, OH) were arranged in a [0]3 fashion.  Sacrificial components 
were then integrated into the fabric.  The type of sacrificial components used depended on the 
item to be manufactured.  To fabricate beam specimens, sacrificial monofilament (500 µm 
diameter) prepared according to Esser Kahn et al. [79] was stitched by hand into the preform.  
To fabricate the air assisted reagent propulsion mixing chips, 750 µm sacrificial PLA sheets, 
manufactured according to Gergely et al. [81], were cut to shape and taped to the fabric prior 
to resin infusion.  One additional layer of fabric was then placed on both the top and bottom of 
the preform to protect the sacrificial materials from external exposure during processing.  To 
prepare the resin, 300 g of EPON 862 epoxy monomer (Miller Stephenson; Morton Grove, IL) 
was mixed with 79.2 g of Epikure W aromatic amine curing agent (Miller Stephenson) and 
degassed in a vacuum oven at 70 ⁰C for 2.5 h.  Epoxy infiltration was achieved using vacuum 
assisted resin transfer molding (VARTM) at 36 torr.  Infiltration was done in a convection oven 
at 70 ⁰C to reduce the viscosity of the resin during infiltration.  Immediately following 
infiltration, the sample was heated to 121 ⁰C at 3 ⁰C / min and held for 8 h to facilitate curing.  
Following cure, the composite was de-molded and cut into 110 mm x 20 mm x ~3 mm beam 
specimens as depicted in Figure 5.1a.  Next, samples were placed into a vacuum oven at 200 ⁰C 
for 24 h to facilitate evacuation of the sacrificial monofilament.  Finally, microchannels were 
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sequentially flushed with dichloromethane, de-ionized water, and air to ensure clear fluid 
pathways. 
5.2.2 Impact Protocol 
Impact testing of beam specimens was conducted on an Instron 8250 drop-weight Charpy 
tower.  Samples were clamped in a fixed-fixed configuration with a span of 40 mm and 
impacted across the width using a cylindrical impact tup (25.4 mm radius of curvature).  The 
total mass of the impactor apparatus was 3.41 kg.  Drop heights of 299 mm or 448 mm were 
used to deliver 10 J or 15 J of impact energy, respectively.  Load data was collected during 
impact using an Instron 8946-2 load cell interfaced with LabVIEW (v 13.0) software.   
5.2.3 Healing Protocol 
The experimental set-up for delivering healing agents to impact damaged beam samples is 
depicted schematically in Figure 5.2.  Healing agents were housed in syringes to provide a 
controlled co-volumetric delivery to the air assisted reagent propulsion chip through the use of 
a syringe pump (KDS210; KDScientific; Holliston, MA).  Healing agent resin EPON 8132 and 
Epikure 3046 were obtained from Miller-Stephenson (Morton Grove, IL) and used as received.  
Resin was contained in a 5 mL syringe (inner diameter = 12.0 mm) and hardener was contained 
in a 3 mL syringe (inner diameter 8.75 mm).  With simultaneous co-delivery of the two agents, a 
volumetric delivery ratio of 1.88:1 was achieved (stoichiometry = 1.9:1 v/v%).  Resin and 
hardener delivery was controlled using Labview software (v 13.0f2; National Instruments; 
Austin, TX) and was held constant at 18.8 µL / min and 10 µL / min, respectively, for the two 
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components.  Air was supplied to the air assisted reagent propulsion chip using an Ultimus V 
pressure box (Nordson EFD; East Providence, RI).  Air pressure was held constant at 15 psi 
during the entire process.  During healing agent infiltration, samples were monitored from 
above using a color camera (Model AG A631fc; Basler; Ahrensburg, Germany) while exposed to 
backlighting from below (Dolan-Jenner DC950 lightbox; Boxborough, MA).  Images were 
captured at a rate of 0.1 Hz.  Typical filling time was approximately 40 minutes for each delivery 
channel.  Channels were filled separately and sequentially. 
5.2.4 Damage Fill Analysis 
A quantitative measure of damage filling was calculated using images taken of the samples 
during healing agent infiltration.  Images of a sample while undamaged, damaged, or filled were 
acquired and contrasted for this analysis.  In these images, a 50 x 25 mm region of interest 
centered on the impact site was isolated.  Regions of interest were then converted to 8-bit 
grayscale images using ImageJ software (v1.43u).  Following conversion, a histogram of 
grayscale pixel intensities of the entire region of interest was formulated (range: 0-255, bin 
width: 1).  Average pixel intensity, 𝐼,̅ was then calculated using 
𝐼 ̅ =  
∑ (𝐼𝑗 ∗ 𝑛𝑗)
𝑚
𝑗=1
∑ (𝑛𝑗)
𝑚
𝑗=1
     𝐼 ∈ [0,1,2, … 200]              (5.1) 
where Ij is the pixel intensity of bin j, nj is the number of pixels in bin j, and m is the total 
number of bins.  During calculation, pixels with an intensity greater than 200 were excluded, as 
these white pixels were part of the background and not relevant for analysis.  Color images, 
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grayscale images and histograms of an undamaged, damaged and filled sample impacted at 15 J 
are depicted in Figure 5.3.   
Filling efficiency, φ, on a scale of 0 to 1 was then calculated using: 
Φ = 
𝐼?̅?𝑖𝑙𝑙𝑒𝑑 − 𝐼?̅?𝑎𝑚𝑎𝑔𝑒𝑑
𝐼?̅?𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑 − 𝐼?̅?𝑎𝑚𝑎𝑔𝑒𝑑
               (5.2) 
where 𝐼?̅?𝑚𝑑𝑎𝑚𝑎𝑔𝑒𝑑, 𝐼?̅?𝑎𝑚𝑎𝑔𝑒𝑑, and 𝐼?̅?𝑖𝑙𝑙𝑒𝑑, are the average pixel intensities of regions of interest 
in images of undamaged, damaged, or filled samples, respectively.  A filling efficiency value of 1 
indicates perfect filling of all damage, while a filling efficiency of 0 (zero) indicates no damage 
filling. 
5.2.5 Flexure Testing 
Flexure testing was conducted on load frame (model 5984; Instron; Norwood MA) with an 
affixed 5 kN load cell according to ASTM D6272.  Samples were tested in four point flexure at 2 
mm/min with an outer span of 80 mm and an inner span of 40 mm.  All loading and support 
pins had a 6.35 mm radius of curvature.  Center point deflection was measured by tracking the 
displacement of a spring loaded plunger in contact with the specimen during testing.  
Displacement of the plunger was tracked with a non-contact video extensometer (model AVE 
2663-821; Instron).  Hardware was controlled and data was collected with Bluehill (v3; Instron) 
testing software.  Samples were tested until visual and audible signs of failure were observed. 
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Maximum flexural stress in the beam occurs between the two central loading pins at the outer 
edges of the sample thickness and is calculated using Eulerian beam theory as: 
σ =  3𝑃𝐿 4𝑤𝑡2⁄                (5.3) 
where σ is the stress at the outer edge of the beam throughout the mid-span, P is the load, L is 
the support span, w is the width of the beam, and t is the thickness of the beam.  Maximum 
flexural strain also occurs throughout the mid-span and is calculated using: 
ε = 109𝛿𝑤 25𝐿2⁄                (5.4) 
where ε is the maximum strain and δ is the deflection of the center of the beam.  The secant 
flexural modulus, E, was then calculated between strain values of 0.003 and 0.005 in the elastic 
loading region using, 
𝐸 = 
𝜎(𝜀=0.005) − 𝜎(𝜀=0.003)
0.005 − 0.003
= 500(𝜎(𝜀=0.005) − 𝜎(𝜀=0.003))               (5.5) 
where 𝜎(𝜀=0.005) and 𝜎(𝜀=0.005) are the flexural stresses at flexural strain values of 0.003 and 
0.005, respectively. 
5.2.6 Healing Efficiency 
Healing efficiency is reported for both flexural strength and modulus.  The average strength 
healing efficiency (ηk) of a sample impacted with k joules of impact energy was calculated using: 
𝜂𝑘 = 
𝜎ℎ
𝑘 − 𝜎𝑢
𝑘
𝜎𝑜 − 𝜎𝑢
𝑘                (5.6) 
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where 𝜎𝑜 is the average flexural strength of an undamaged vascular sample, and 𝜎ℎ
𝑘 and 𝜎𝑢
𝑘 are 
the average flexural strengths of healed and unhealed vascular samples, respectively, impacted 
with k joules of impact energy. Similarly, the average modulus healing efficiency (𝛹𝑘) of a 
sample impacted with k joules of impact energy was calculated using: 
𝛹𝑘 = 
?̅?ℎ
𝑘 − ?̅?𝑢
𝑘
?̅?𝑜 − ?̅?𝑢
𝑘                (5.7) 
where ?̅?𝑜 is the average secant flexural modulus of an undamaged vascular sample, and ?̅?ℎ
𝑘 and 
?̅?𝑢
𝑘 are the average secant flexural moduli of healed and unhealed vascular samples, 
respectively, impacted with k joules of impact energy.  
5.2.7 Cross-Sectional Imaging and Raman Spectroscopy 
Beam specimens were sectioned in half along the longitudinal (warp) axis.  Samples were then 
polished with successively finer grit paper and polishing compound until optically smooth 
(procedure detailed in Section 2.2.4).  Images of damaged samples were gathered in bright-field 
reflection using a monochrome CCD (AxioCam) on an optical microscope (Axiovert 200M; 2.5x 
objective) yielding 8-bit greyscale images with a resolution of 2.39 µm/pixel.  To view the entire 
cross-section, multiple images were stitched together using automatic image gathering and 
tiling options within the Zeiss Axiovision 4.7 microscope control software.   
Raman spectra of healed material in the samples’ cross-section were gathered to verify the 
presence of healed material.  To gather spectra, a cross-sectioned and polished sample was 
used.  The confocal capabilities of the instrument were utilized to focus the laser onto a spot 
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size of approximately 1.5 µm.  This allowed for adequate spatial resolution to pinpoint either 
healed material in the delaminated regions or matrix material in the surrounding area.  As 
described previously in Section 4.2.4, the ratio of peak heights of the phenyl breathing mode at 
1606 cm-1 and the amide stretching mode at 1649 cm-1 may be calculated to determine the mix 
ratio of the components in-situ.  Stokes Raman spectra were collected using the same 
equipment and settings described in Section 4.2.4.   
5.3 Results and Discussion 
5.3.1 Flexure Testing 
5.3.1.1 Effect of Microchannel Incorporation 
Post-impact flexural strength and moduli of neat and vascular samples as a function of impact 
energy is plotted in Figure 5.4.  The flexural strength of undamaged (0 J) samples is unaffected 
by the incorporation of microchannels.  However, at 10 J and 15 J of impact, the flexural 
strength is reduced in samples containing microchannels.  This may be a result of fiber 
distortion or stress concentrations present in the sample as a result of the vascularization 
process.  Interestingly, the post-impact flexural moduli is unaffected by the vasculature at all 
impact energies.  Moduli are reduced equally with increasing impact energy for both sample 
types. 
5.3.1.2 Healing Results 
Post-impact flexural strength and moduli as a function of impact energy for vascularized control 
and self-healing samples is provided in Figure 5.5.  Strength recovery at 10 J and 15 J of impact 
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energy was 36.9% and 46.9%, respectively. A full list of flexural strengths and moduli measured 
during flexure testing is provided in Table 5.2.  Incomplete recovery is attributed to incomplete 
damage volume filling, confirmed using later cross-sectional imaging.  Interestingly, modulus 
recovery is approximately 80% for impact energies of 10 and 15 J.  Unlike recovery of strength, 
complete healing of all damaged regions is not required to recover a majority of the modulus; 
delaminated layers need only be partially re-bonded to adequately share load between layers.   
5.3.2 Effect of Healing Agent Infiltration on Self-Healing Performance 
Fill efficiency for samples impacted with 10 or 15 J of energy is depicted in Figure 5.6.  Filling 
efficiency is higher for samples impacted at 15 J.  This is likely due to more complete damage 
connectivity.  Since healing agent distribution emanates from a single channel, the damage 
must intersect that channel to be filled.  With increasing impact energy, the damage is more 
connected and more damage is then filled by the healing agents.  To further demonstrate this 
theory, healing efficiency for individual samples is plotted as a function of fill efficiency in Figure 
5.7.  The positive correlation between fill efficiency and strength recovery indicates that 
increasing fill efficiency leads to better healing performance.  There is no clear correlation 
between fill efficiency and modulus recovery. 
5.3.3 Verification of Healed Material in Delaminated Regions 
A cross-section of an impacted and healed beam specimen is depicted in Figure 5.8.  Regions of 
unhealed and healed delaminations are visible, verifying the hypothesis of incomplete damage 
filling during the healing protocols.  Raman spectra of healed material in the delaminated 
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regions is provided in Figure 5.9a alongside spectra of reference healed material and matrix 
material in Figures 5.9b and 5.9c, respectively  The presence of the phenyl and amide bands in 
the healed material at 1606 and 1649 cm-1, respectively, indicate the presence of both 
components.  Additionally, the peak ratio of the phenyl and amide bands of the healed material 
resembles that of the perfectly mixed reference material, indicating that the delivery of the 
components was in the proper ratio and that they are well mixed. 
5.4 Conclusions 
In this chapter, healing of impact induced damage in composite beam specimens was achieved 
using a vascular, two-part healing agent delivery scheme.  Up to 47% recovery of post-impact 
strength and up to 83% recovery of modulus was demonstrated.  The presence of healed, well-
mixed material in the sample crack plane was verified using cross-sectional imaging and 
confocal Raman spectroscopy.  Incomplete recovery of strength and modulus is attributed to 
incomplete damage volume filling resulting from poor damage connectivity in the samples after 
impact.  Damage fill efficiency during the healing agent infiltration process was calculated and 
was shown to correlate with strength healing efficiency, indicating that increased healing agent 
infiltration leads to increased strength recovery.  
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5.5 Tables and Figures 
 
 
Table 5.1.  Equipment descriptions for the schematic depicted in Figure 5.2 
 
  
 
Table 5.2.  Summary of healing results. 
Label Description
(1) EPON 8132 epoxy resin
(2) Epikure 3046 amine hardener
(3) KD Scientific KDS210 syringe pump
(4) EFD Nordson Ultimus V pressure box
(5) Basler AG A631fc CCD
(6) Dolan-Jenner Fiber-Lite DC950 Lightbox
(7) DB9 to RJ45 console cable
(8) USB to RS-232 console cable
(9) 6 pin to 6 pin firewire cable
(10) 1/8" diameter type E-3603 tygon tubing
Impact Energy Sample Type*
Residual Flexural 
Strength, σ (MPa)
Flexural Strength
Retained, σ/σo
Healing Efficiency 
(Strength), η
Residual Flexural 
Modulus, E (GPa)
Flexural Modulus
Retained, E/Eo
Healing Efficiency 
(Modulus), Ψ
0 J Virgin 520.8 ± 22.8 N/A N/A 25.9 ± 0.93 N/A N/A
Virgin 227.5 ± 27.5 43.7 ± 5.3% 20.76 ± 1.17 80.2 ± 4.5%
Healed 335.8 ± 72.6 64.5 ± 13.9% 24.9 ± 0.92 96.2 ± 3.6%
Virgin 169.1 ± 15.4 32.5 ± 3.0% 19.06 ± 0.92 73.5 ± 3.6%
Healed 334.2 ± 59.0 64.2 ± 11.3% 24.73 ± 0.76 95.5 ± 2.9%
80.8 ± 17.9%
82.9 ± 11.4%
*Virgin data  i s  for samples  containing vascular networks
10 J
15 J
36.9 ± 24.8%
46.9 ± 19.7%
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Figure 5.1.  Schematic of vascular precursors and corresponding fabricated composites.  (a) A 
vascular beam specimen containing two microchannels made using sacrificial fiber precursors.  
(b)  An air assisted reagent propulsion chip containing a single vascular network made using a 
laser-cut sacrificial film as the precursor.  Dimensions are in mm.     
b)
Vascular Precursor:
Laser cut PLA film
Air Assisted 
Reagent Propulsion 
Chip
a)
Vascular Precursor:
PLA Fibers
Vascular Beam 
Specimen
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Figure 5.2.  Schematic of healing agent infiltration set-up.  Numbers in parentheses are used to 
designate equipment listed in Table 5.1. 
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Figure 5.3.  Color images, grayscale images, and histograms of an undamaged, damaged and 
filled impact sample.  Sample shown was impacted with 15 J of impact energy.  Highlighted red 
region of histogram plots were excluded in the calculation of average pixel intensity, 𝐼.̅ 
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Figure 5.4.  Results of post-impact flexure testing of control vascular beam specimens.  (a)  
Flexural strength as a function of impact energy.  (b)  Flexural moduli as a function of impact 
energy.  Error bars represent one standard deviation of at least 4 data points. 
 
Figure 5.5.  Results of post-impact flexure testing of healed vascular beam specimens.  (a)  
Flexural strength as a function of impact energy.  (b)  Flexural moduli as a function of impact 
energy.  Error bars represent one standard deviation of at least 4 data points. 
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Figure 5.6.  Fill efficiency as a function of impact energy.  Error bars represent one standard 
deviation of at least 4 measurements. 
 
 
Figure 5.7. (a)  Strength healing efficiency as a function of fill efficiency.  (b)  Moduli healing 
efficiency as a function of fill efficiency.   
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Figure 5.8.  Cross-section of a beam specimen following 15 J of impact and the self-healing 
protocol.  Healed and unhealed delaminations are visible in the cross-section. 
Unhealed Delamination
Healed 
Delamination
Impact Site, 15 J
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Figure 5.9. Raman spectra of polymerized epoxies.  (a) Spectra of healing agents (EPON 
8132/Epikure 3046) measured in-situ after 48 h of healing.  (b)  Reference spectra of cured 
healing agents measured ex-situ.  (c)  Reference spectra of cured matrix material measured ex-
situ. Red dashed lines represent the radial breathing mode of the phenyl moiety in both the 
healing agent and matrix resin at 1606 cm-1.  Green dashed lines represent the stretching mode 
of the amide moiety at 1649 cm-1 which is present only in the healing agent hardener. 
a)
b)
c)
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CHAPTER 6:  REPEATABLE SELF-HEALING OF AN EPOXY MATRIX USING 
IMIDAZOLE INITIATED POLYMERIZATION 
6.1 Introduction 
In this chapter, an alternative method of repeatable self-repair in an epoxy based polymer 
system using imidazole initiated polymerization of an epoxy resin is demonstrated.  Latent 
functionality is built into a typical epoxy matrix by the addition of liquid 2-ethyl-4-
methylimidazole (24-EMI) into the matrix material during processing.  Healing is achieved by 
the injection of liquid epoxy monomer into damaged regions where polymerization of the 
healing agent monomer is initiated thermally in the presence of the latent imidazole.  
Polymerization kinetics and chemical mechanisms of the healing reaction are evaluated using 
dynamic scanning calorimetry (DSC) and Raman spectroscopy, while dynamic mechanical 
analysis (DMA) is utilized to determine the effect of imidazole incorporation on mechanical 
properties and glass transition temperature of the imidazole laden epoxy matrix host.  Healing 
performance is assessed using bulk epoxy tapered-double-cantilever-beam (TDCB) specimens 
while scanning electron fractography is employed to observe healed material in previously 
damaged regions.  The successful demonstration of this healing system in bulk epoxy opens 
pathways for one-part microvascular healing schemes in vascular fiber-reinforced composites. 
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6.2. Experimental Methods 
6.2.1 Materials 
Liquid epoxy monomers EPON 862 (diglycidyl ether of bisphenol F) and EPON 8132 (1,2-epoxy-
3-chloropropane) as well as cycloaliphatic amine curing agent Epikure 3300 were obtained from 
Miller-Stephenson (Morton Grove, IL) and used as-received.  The EPON 862 / Epikure 3300 
system was selected as the matrix material because of its precedence in prior work by Esser 
Kahn et al. which was the first to demonstrate the vaporization of sacrificial components 
procedure for the creation of three-dimensionally woven microvascular composites [79].  EPON 
8132 was selected as the healing agent monomer because of its precedence as a low viscosity, 
low molecular weight healing agent component in other self-healing systems [102, 105–108].  
The initiator 2-ethyl-4-methylimidazole (24-EMI) was obtained from Sigma-Aldrich (Saint Louis, 
MO) and used in liquid form as-received.   
6.2.2 Manufacturing and Healing Protocols 
Tapered double cantilever beam (TDCB) fracture specimens were prepared by mixing 24-EMI 
with a stoichiometric ratio of EPON 862 / Epikure 3300 (100:22.7 by weight), degassing under 
vacuum at room temperature for 15 min and pouring the mixture into silicone rubber molds.  
Samples were then placed in a convection oven and cured at the manufacturer’s recommended 
cure of 4 h at 30 °C, plus an additional 90 min at 82 °C, plus an additional 90 min at 150 °C.  
Although the imidazole does react with the EPON 862, the kinetics at 30 °C are slow relative to 
the primary epoxy/amine matrix reaction.  As such, it was critical to gel and solidify the matrix 
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epoxy first at 30 °C in order to minimize reaction of the imidazole and the matrix epoxy before 
elevating the temperature to fully cure the sample.  Following the cure cycle, samples were 
post cured for 24 hours in a vacuum oven at 200 °C in order to simulate the vascularization 
process described by Esser-Kahn et al. [79]. 
6.2.3 Fracture and Healing Tests 
Short groove TDCB specimens [109] were used to evaluate fracture toughness and healing 
performance.  Prior to testing, a small pre-crack was introduced into the center groove of the 
TDCB sample by lightly tapping a razor blade into the front of the fluted region.  Testing was 
carried out on a load frame in displacement control at 5 µm/s until the crack propagated to the 
end of the grooved region.  Samples were then unloaded and removed from the machine.  
Healing was accomplished by carefully injecting approximately 15 µL of EPON 8132 healing 
agent into the crack plane along the sample edge.  After wicking into the crack plane, excess 
healing agent was removed from the side of the sample which was then placed in an oven for a 
prescribed healing time and temperature.  Control samples were not injected with healing 
agent after fracture, but were subjected to the same thermal healing conditions.  In samples 
capable of multiple healing cycles, healing agent injection, thermal treatment, and fracture 
testing were repeated until no further recovery of fracture toughness was observed.  Fracture 
toughness was calculated using 
𝐾𝐼𝐶 = 2𝑃𝐶√
𝑚
𝑏𝑛𝑏
= 𝛼𝑃𝐶                (6.1) 
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where KIC is the mode I critical fracture toughness, PC is the critical load at fracture, bn is the 
width of the fracture plane (2.5 mm), b is the thickness of the sample (6.25 mm), α is a 
constant, and m is a geometric constant calculated from experiments using 
𝑚 = 
𝐸𝑏
8
𝑑𝐶
𝑑𝑎
               (6.2) 
where E is the elastic modulus of the polymer and dC/da is the change in compliance per unit 
crack advance [109].   
6.2.4 Differential Scanning Calorimetry 
Polymerization kinetics of the reaction between the EPON 8132 healing agent and 24-EMI 
(Scheme 6.1) were investigated using dynamic scanning calorimetry (DSC).   Samples (Type I) 
were prepared by mixing 0, 2, 5, or 10 wt% 24-EMI with EPON 8132 healing agent.  
Approximately 10 mL of the mixture was then degassed for 20 min before loading into the DSC.  
Another type of sample was also prepared to more closely mimic in-situ healing conditions.  In 
these samples (Type II), shavings from a cast polymer block of EPON 862 / Epikure 3300 
containing 10 wt% 24-EMI were collected by sanding the polymer block against 80 grit 
sandpaper and harvesting the particles (ca. 10-150 µm in size).  EPON 8132 monomer was then 
added to the solid shavings to yield suspensions containing 0, 2, 5, or 10 wt% imidazole/healing 
agent equivalent.  After fabrication, both sample types were stored in a freezer at -20°C.  For 
testing, approximately 15 mg of a sample was added to an aluminum sample pan which was 
then hermetically sealed and loaded into the DSC.  Samples undergoing dynamic scans were 
ramped from 0 °C to 300 °C at a rate of 5 °C / min.  Those undergoing isothermal scans were 
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equilibrated at 40 °C then ramped to the target isothermal temperature at a rate of 60 °C / min 
and held for the duration of the test.  All DSC experiments were performed in a nitrogen 
environment on a TA Instruments Q20 Differential Scanning Calorimeter, thermally calibrated 
with Indium standards. 
6.2.5  Dynamic Mechanical Analysis 
Glass transition temperature and viscoelastic properties were evaluated using dynamic 
mechanical analysis (DMA).  To prepare specimens, 24-EMI was mixed into a stoichiometric 
ratio of EPON 862 / Epikure 3300 (100:22.7 by weight), degassed under vacuum at room 
temperature for fifteen minutes, cast into 2 mm thick sheets between teflon coated glass 
plates, then cured and post-cured as described in Scheme 6.2.  Rectangular blocks measuring 
14 x 5 x 2 mm were then cut and tested in three-point flexure (10 mm span) on a TA 
Instruments RSA III Dynamic Mechanical Analyzer in air according to ASTM D7028.  Samples 
were tested in strain control (0.5%) at a constant frequency of 1 Hz while ramped in 
temperature from 25-250°C at 5 °C / min. 
6.2.6  Scanning Electron Microscope Fractography 
The fracture surfaces of healed and virgin TDCB specimens were imaged using scanning 
electron microscopy.  Half of a fully fractured TDCB specimen was sectioned to isolate the crack 
plane, triple rinsed with ethyl alcohol to remove excess healing agent monomer, and dried in 
air.  The sample was then sputter coated with gold-palladium and imaged using a secondary 
electron detector on a Philips XL30 ESEM-FEG scanning electron microscope. 
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6.2.7 Raman Spectroscopy 
Raman spectra were gathered on a variety of specimens in order to confirm the proposed 
healing mechanism.  Specimens were prepared according to the compositions and curing 
conditions detailed in Table 6.1.  After curing, samples were cut into 50 x 50 x 2 mm thick 
squares and sanded using 400 grit polishing paper.  Samples were then subjected to healing 
conditions by placing them into a bath of EPON 8132 healing agent and heating to 100 ⁰C for 1 
hour to facilitate polymerization of the healing agent on the sample surface via latent imidazole 
initiation (for self-healing specimens).  Before gathering Raman spectra, all samples were triple 
rinsed with ethanol and dried at room temperature in air. 
Stokes Raman scattering was measured using a Horiba model LabRAM HR 3D Raman confocal 
imaging microscope with an affixed Andor Newton DU970P EMCCD camera (1600 x 200 pixels), 
100x objective, and 785 nm near-IR laser.  Hardware was controlled and spectra were analyzed 
with LabSpec 5 (v5.78.24) spectroscopy software.  Single spot scans were performed and 
intensity counts of Raman shifts between 500 cm-1 and 4000 cm-1 were collected.   
6.3 Results and Discussion 
6.3.1 Polymerization Kinetics 
6.3.1.1 Dynamic DSC Scans 
A representative graph of heat flow as a function of temperature recorded during dynamic DSC 
scans of type I (healing agent monomer + imidazole) and type II (healing agent monomer + 
imidazole in matrix) samples containing 5 and 10 wt% imidazole is provided in Figure 6.1.  In 
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type I samples, polymerization initiates at lower temperatures compared to type II samples 
where the initiator must first be extracted from the host epoxy matrix before reacting with the 
monomer.  Also, a shoulder in the exothermic peak is observed in type I samples between 100 
°C and 120 °C that is absent in type II samples.  This shoulder to the main exothermic peak was 
first observed by Heise and Martin [95] and is attributed to the initial O- and OH-adduct 
reactions preceding the etherification reaction in the anionic polymerization of the epoxy 
monomer.  Absence of this peak in type II specimens indicates that adduct formation occurs 
between the imidazole and host epoxy during initial matrix curing.  In both sample types, as 
imidazole concentration increases, the onset temperature decreases and the height of the 
exothermic peak increases. 
Total heat of polymerization was determined for each sample by integrating the dynamic heat 
flow curve with respect to time between 25-300 °C, normalizing by mass as described by 
equation 6.3: 
𝐻𝑇 =
1
𝑚
 ∫ [𝑄(𝑇(𝑡)) − 𝑦(𝑡)] 𝑑𝑡
𝑡(𝑇=3000𝐶)
𝑡(𝑇=250𝐶)
               (6.3) 
where HT is the normalized total heat of reaction, m is the mass of the monomer, t is time, T is 
temperature, Q(T(t)) is the recorded heat flow, and y(t) is a linear baseline of the function 
Q(T(t)) between 25-300 °C.  Total heat of polymerization for all tests is provided in Table 6.2.  
Heat of polymerization of type I samples is consistently greater than that of type II samples due 
to the adduct formation reactions which are absent in type II samples.  Additionally, samples 
 114 
 
containing 2 wt% imidazole display reduced heat of polymerization compared to samples 
containing 5 and 10 wt% additive.  Reductions in the heat of polymerization at low imidazole 
concentrations have been observed previously in the literature [95, 96] and are attributed to a 
lack of initiation sites created during adduct formation.  Because adequate adduct formation is 
critical to provide the backbone and growth of the polymer, limited adduct formation severely 
restricts etherification chain growth in samples with low imidazole concentrations.   
6.3.1.2 Isothermal DSC Scans 
Isothermal DSC scans of type I and type II samples are displayed in Figure 6.2.  As imidazole 
concentration is increased in both sample types, polymerization proceeds more quickly and the 
maximum heat flow is greater.  In type I samples containing 5 and 10 wt% imidazole, a small 
peak is observed before the main exothermic peak.  This peak is attributed to the adduct 
reactions which occur before the main etherification reaction, as described by Heise and Martin 
[95].  This peak is absent in type II samples, indicating that the adduct reaction occurred in 
these samples during initial epoxy matrix formation. 
Total degree of polymerization from isothermal testing of type I and type II samples is 
calculated using 
𝛼𝑇 = 
𝐻𝑇
𝐼𝑠𝑜
𝐻𝑇
𝐷𝑦𝑛                (6.4) 
and plotted against isothermal scanning temperature in Figure 6.3, where αT is the final degree 
of cure of the samples, HT
Iso is the total normalized heat of reaction in the isothermal scan, and 
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HT
Dyn is the total heat of reaction calculated from the dynamic scan of the same condition.  In 
type I samples containing 10 wt% imidazole, approximately 100% polymerization is realized in 
one hour at temperatures of 80 °C and higher.  Type I samples containing 2 and 5 wt% 
imidazole also demonstrate >90% polymerization at temperatures of 100 °C and above.  Type II 
samples plateau in their final degree of cure, depending on the initiator concentration present 
since monomer access to the imidazole is more restricted in type II samples. 
6.3.2 DMA Testing 
Storage and loss moduli from DMA testing of polymers manufactured with 0, 2, 5, and 10 wt% 
imidazole are plotted in Figure 6.4a.  Glass transition temperature was calculated following 
ASTM D7028 as the intersection point between the linear region before transition and the 
tangent line to the inflection point during transition and is plotted as a function of imidazole 
concentration in Figure 6.4b.  While the introduction of the imidazole into the host matrix has 
negligible effect on the complex moduli below Tg, the glass transition temperature and post 
transition moduli above Tg are both reduced with increasing imidazole concentration. 
6.3.3  Fracture Testing 
Figure 6.5 shows representative load/displacement curves for a TDCB specimen healed over 
multiple healing cycles.  In all tests, peak loads were easily identified because of the elastic, 
brittle nature of the polymer. Since multiple fracture events were observed for each sample 
during testing, the critical load (PC) used to calculate fracture toughness was taken as the 
average of the peak loads at fracture for each individual test.  The initial stiffness of virgin tests 
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was lower than healed tests because of the short pre-crack required in virgin tests to initiate 
crack propagation.  Later, healing agents infiltrate the pre-cracked region and restore the 
integrity of the pre-crack, leading to slightly increased stiffness.  The change in stiffness 
observed here between virgin and healed specimens has no effect on the measured fracture 
toughness [109]. 
Healing efficiency is reported as a ratio between the healed and virgin fracture toughness of the 
sample, which may be reduced in the case of a TDCB specimen to the ratio of peak loads at 
fracture as: 
𝜂𝑖 = 
(𝐾𝐼𝐶
 𝐻𝑒𝑎𝑙𝑒𝑑)
𝑖
𝐾𝐼𝐶
𝑉𝑖𝑟𝑔𝑖𝑛
= 
(𝑃𝐶
 𝐻𝑒𝑎𝑙𝑒𝑑)
𝑖
𝑃𝐶
𝑉𝑖𝑟𝑔𝑖𝑛
               (6.5) 
where ηi is the healing efficiency, (KIC
Healed)i and (PC
Healed)i are the healed fracture toughness and 
average peak load of the ith healing cycle, and KIC
Virgin and PC
Virgin are the fracture toughness and 
average peak loads of the virgin test.   
6.3.3.1 Virgin Fracture Toughness 
In virgin tests of samples containing 0, 2, 5, or 10 wt% imidazole, fracture toughness increased 
with increasing catalyst concentration (Fig. 6.6).  Most noticeably, samples containing 10 wt% 
imidazole showed a 58% enhancement in fracture toughness over samples without any 
additive, increasing from 0.588 to 0.930 MPa-m1/2. 
 117 
 
6.3.3.2 Effect of Varying Imidazole Concentration on Healing Efficiency 
Healing efficiency for TDCB specimens is plotted in Figure 6.7a as a function of imidazole 
concentration for a healing cycle of 1 h at 100 °C.  After the first healing cycle, samples 
containing 2, 5, and 10 wt% imidazole demonstrated 16%, 65%, and 98% healing efficiency, 
respectively, while samples containing no imidazole did not show any recovery of fracture 
toughness.  Healing efficiencies then decreased with increasing healing cycles, falling to zero at 
cycles 3, 6, and 12 for samples containing 2, 5, and 10 wt% imidazole, respectively.  As new 
(healed) polymer accumulated in the crack plane after each healing cycle, access to the latent 
imidazole initiator in the host epoxy matrix was increasingly hindered until further 
polymerization became impossible. Reduced healing performance of samples containing 2 and 
5 wt% is attributed to incomplete polymerization of healed material in the crack plane.  From 
isothermal DSC testing at 100 °C, the final degree of cure for the epoxy monomer in samples 
containing 2 and 5 wt% imidazole is 45% and 64%, respectively, after 1 h, whereas samples with 
10 wt% imidazole show >85% cure. 
In control samples subject to a 100 °C thermal healing cycle for one hour, but containing no 
healing agent, minor recovery in fracture toughness (~15-20%) was repeatedly observed in 
samples containing 10 wt% imidazole (Fig. 6.7b).  In contrast, no recovery of toughness was 
observed in samples containing 0, 2, or 5 wt% imidazole.  The healing temperature (100 °C) is 
greater than Tg for 10 wt% imidazole samples (94 °C), but less than Tg for 0, 2, and 5 wt% 
samples (105-123 °C).  Consequently, the recovery in control specimens containing 10 wt% 
imidazole is attributed to deformation, flow, and re-vitrification of the material at the crack 
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plane upon cooling from above the materials’ glass transition temperature as similarly observed 
in other studies on epoxy-based materials by Outwater and Gerry [110] and Rahmathullah and 
Palmese [111].   
6.3.3.3 Effect of Post Cure Thermal Treatment 
TDCB fracture specimens containing either 0 wt% or 10 wt% initiator were fabricated as 
described in scheme 1 but without the 200 ⁰C, 24 h post cure, to test the effects of the post 
cure thermal treatment on fracture performance.  Three samples of each type were tested.  
Samples containing 10 wt% imidazole had a virgin fracture toughness of 0.737 ± .078 MPa-m1/2 
(with treatment: 0.766 ± .056 MPa-m1/2) and a healed fracture toughness of 0.760 ± .019 MPa-
m1/2 (0.755 ± .070 MPa-m1/2) after one healing cycle.  Samples containing 0 wt% imidazole had a 
virgin fracture toughness of 0.460 ± .007 MPa-m1/2 (.484 ± .024 MPa-m1/2) and showed no 
recovery of fracture toughness after one healing cycle.  Data indicates that the post cure 
thermal treatment has no significant effect on the fracture and healing behavior of the 
material. 
6.3.3.4 Effects of Varying Healing Temperature on Healing Efficiency 
Figure 6.8 shows the effect of healing temperature on healing efficiency in TDCB specimens 
containing 10 wt% imidazole healed for 36 hours.  While healing efficiency at 100 °C was 98%, 
as the healing temperature was reduced, the healing efficiency also decreased. Moderate levels 
of healing (ca. 60%) were obtained at or above 60 ⁰C, but healing efficiency dropped 
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precipitously to near zero at 40 °C and 22 °C.  Therefore, to achieve appreciable healing over a 
36 hour healing cycle, a minimum temperature of 60 °C is required.  
6.3.3.5 Effects of Imidazole Depletion on Repeat Self-Healing Capability 
A series of reference test cases were carried out in which the epoxy healing agent monomer 
(EPON 8132) was pre-mixed with the imidazole before injecting into fractured TDCB specimens.  
For these reference tests, access to imidazole initiator was unhindered and remained constant 
for each test.  Comparing results of reference tests to samples in which pure epoxy monomer 
was injected isolated the effect of limited access to imidazole and/or imidazole depletion with 
each healing cycle.  Premixing these components is not feasible for use in a vascular healing 
scheme since the mixture forms a solid at room temperature after approximately 36 hours.   
Figure 6.9 shows the healing efficiency of reference TDCB fracture specimens over multiple 
healing cycles for samples containing either 2, 5, or 10 wt% imidazole.  Samples healed with 10 
wt% imidazole had healing efficiencies consistently greater than 90% for all 6 cycles tested.  For 
5 wt% samples, efficiencies consistently greater than 70% were obtained.  For samples with 2 
wt% imidazole, healing efficiencies ranged between 40% and 65% and gradually declined with 
continued healing cycles.  Since a reduction in healing efficiency over multiple healing cycles 
was not observed for the 5 or 10 wt% reference cases, the decrease in healing efficiency over 
multiple healing cycles for samples containing embedded imidazole in the surrounding matrix, 
but not in the monomer, was attributed to a lack of availability of imidazole in the vicinity of the 
crack during repeat healing events.  Since the imidazole is consumed in the healing reaction, 
 120 
 
once it has been depleted from the damaged region over multiple cycles, healing can no longer 
take place and healing performance in later healing cycles was reduced and eventually 
eliminated. 
6.3.4 Scanning Electron Microscope Fractography 
Fracture surfaces of TDCB specimens containing 10 wt% 24-EMI healed over multiple cycles at 
100 °C for 1 h were examined by scanning electron microscopy (Fig. 6.10).  Virgin fracture 
surfaces appear clean and glassy indicating brittle failure, while healed specimens show 
increasing tortuosity and polymer build-up with increasing healing cycle, confirming the 
presence of healed material in the crack plane. 
6.3.5 Raman Spectrography 
Raman spectra of samples analyzed are provided in Figures 6.11a-b.  In the self-healing II  
specimen a peak emerges at a Raman shift of 1112 cm-1 which is absent in all control 
specimens.  This peak is consistent with previously observed spectra corresponding to the 
creation of an aliphatic ether bond typical of etherification mechanisms present during anionic 
polymerization of epoxides using imidazole initiators [95]. This peak is also strongly present in 
the pre-mixed healed specimen, confirming the proposed healing mechanism depicted in Figure 
6.11c.   
All samples fabricated using the EPON 862 / Epikure 3300 matrix system  have a strong peak at 
1050  cm-1 corresponding to the presence of a tertiary amine typical of epoxy/amine cross-
linked polymers [112].  This peak is not present in the premixed healed specimen, however, 
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since the polymerized product formed through the epoxy/imidazole reaction contains no 
tertiary amines. 
6.4. Conclusions 
In this work the healing performance and mechanical properties of a novel self-healing epoxy 
matrix system was evaluated.  Healing was achieved by incorporating 2-ethyl-4-
methylimidazole (24-EMI) into a host epoxy matrix for use as a latent anionic polymerization 
initiator of an epoxy monomer healing agent that was manually delivered.  DSC testing confirms 
that adduct formation between the host epoxy matrix and embedded 24-EMI occurs during 
initial fabrication.  This reaction leads to a decrease in the glass transition temperature and an 
increase in fracture toughness of the host epoxy with increasing initiator content.  Confocal 
Raman spectra confirm the proposed healing mechanism.  Evaluation of self-healing 
performance using tapered double cantilever beam (TDCB) specimens demonstrated greater 
than 90% healing efficiency in samples containing 10 wt% 24-EMI.    Reducing the concentration 
of 24-EMI resulted in lower healing efficiencies because of incomplete healing agent 
polymerization, as confirmed by isothermal DSC testing.  Degradation of self-healing 
performance with each fracture/healing cycle is due in part to hindered access to 24-EMI in the 
vicinity of the crack and its consumption during each healing cycle.  Nonetheless, samples 
containing 10 wt% imidazole demonstrate up to 11 healing cycles with near 100% recovery 
through the first 3 cycles.  In addition, reasonable healing efficiencies (ca. 60%) are obtained for 
samples healed for 36 hours at 60 °C demonstrating significant reductions in the required 
temperature for latent self-healing using our imidazole-based scheme. 
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6.5 Schemes, Tables, and Figures 
 
Scheme 6.1.  Reaction mechanism for the curing of epoxy monomers with 24-EMI. 
 123 
 
 
Scheme 6.2.  Manufacturing and healing protocols for self-healing epoxy specimens. 
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Table 6.1.  Specifications for samples examined during Raman spectroscopy. 
 
 
 
Table 6.2.  Heat of polymerization as a function of 24-EMI content calculated from dynamic DSC 
scans of type I and type II epoxy/imidazole samples. 
  
Designation Type Composition (ratio by mass) Curing Schedule Healing Schedule
Self-healing I Epoxy with imidazole Epon 862 + Epikure 3300 + 10 wt% 24-EMI (100 : 22.7 : 10) n/a
Self-healing II Epoxy with imidazole Epon 862 + Epikure 3300 + 10 wt% 24-EMI (100 : 22.7 : 10) 1 h, 100 ⁰C
Control I Neat epoxy Epon 862 + Epikure 3300 (100 : 22.7) n/a
Control II Neat epoxy Epon 862 + Epikure 3300 (100 : 22.7) 1 h, 100 ⁰C
Pre-mixed healing agent Pre-mixed imidazole and epoxy monomer Epon 8132 + 24-EMI (100 : 10) 1 h, 100 ⁰C n/a
4 h 35 ⁰C + 1.5 h 82 ⁰C 
+ 1.5 h 150 ⁰C
4 h 35 ⁰C + 1.5 h 82 ⁰C 
+ 1.5 h 150 ⁰C
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Figure 6.1.  Representative heat flow vs. temperature curves for dynamic DSC testing of type I 
(EPON 8132 monomer + 24-EMI) and Type II (EPON 8132 monomer + 24-EMI in epoxy matrix) 
samples. Arrows indicate exothermic rise from adduct formation in type I samples. 
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Figure 6.2.  Isothermal DSC scans at 100 °C of (a) type I and (b) type II samples containing 2, 5, 
and 10 wt% 24-EMI.  Adduct formation (arrow) is observed before etherification (*) in type I 
samples, but is absent in type II samples.   
 
 
Figure 6.3.  Final degree of cure (αT) as a function of isothermal temperature from DSC testing 
of (a) type I and (b) type II samples containing various amounts of 24-EMI. 
a b
Type IIType I
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Figure 6.4.  (a) Storage and loss moduli and (b) glass transition temperature from DMA testing 
of epoxy specimens containing various concentrations of 24-EMI.  Error bars represent one 
standard deviation. 
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Figure 6.5.  Representative load/displacement curves of a TDCB fracture specimen containing 
10 wt% 24-EMI tested over multiple self-healing cycles.  In each healing cycle, EPON 8132 
monomer was injected into the crack plane and the sample was heated to 100 °C for one hour.  
Boxes (□) represent peak loads during crack propagation used in the calculation of fracture 
toughness. 
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Figure 6.6.  Critical mode I fracture toughness as a function of 24-EMI concentration in the host 
epoxy matrix.  Error bars represent one standard deviation. 
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Figure 6.7.  Healing efficiency (η) as a function of healing cycle for samples containing 0-10 wt% 
24-EMI. (a) Self-healing samples with injected EPON 8132 monomer.  (b) Control specimens in 
which no healing agent was injected.  All samples were subjected to a 1 h healing cycle at 100 
°C between cycles.   Percentages listed indicate the fraction of specimens tested at that 
condition which demonstrated non-zero healing.  Samples demonstrating no healing were not 
included in the calculation of healing efficiency.  All error bars represent one standard 
deviation. 
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Figure 6.8.  Healing efficiency as a function of healing temperature for specimens containing 10 
wt% 24-EMI healed for 36 hours.  Reference point at 100 °C (*) was healed for only one hour.  
Errors bars represent one standard deviation. 
  
*
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Figure 6.9.  Healing efficiency plotted over multiple healing cycles for reference specimens 
healed using pre-mixed healing agent of EPON 8132 + 24-EMI at various concentrations.  All 
samples were healed for 1 h at 100 °C.  Percentages listed indicate the fraction of specimens 
tested at the given condition which demonstrated non-zero healing.  Starred data (*) indicate 
that at least one data point in the series demonstrated greater than 100% healing efficiency 
and was truncated to 100% during analysis.  All error bars represent one standard deviation. 
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Figure 6.10.  Fracture surfaces of self-healing TDCB specimens containing 10 wt% 24-EMI after 0 
(virgin), 1, 5, and 10 healing cycles.  Virgin fracture surfaces appear clean and glassy, indicating 
brittle failure.  As the number of healing cycles increased, more polymer build-up and crack 
plane tortuosity (hackle marks / crack blunting) was observed, confirming the presence of 
healed material.  Crack propagation is right to left in all images.   
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Figure 6.11.  Raman shift of control, self-healing, and reference premixed epoxy polymers 
between (a) 750-1750 cm-1 and (b) 950-1150 cm-1.  Emergence of a peak at 1112 cm-1 in the 
self-healing II specimen corresponds to asymmetric stretch of an aliphatic ether bond (red 
ovals) formed during the healing reaction (c).     
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CHAPTER 7:  CONCLUSIONS AND FUTURE DIRECTIONS 
7.1 Conclusions 
In this dissertation, impact damage formation and post-impact properties of glass/epoxy 
composites were examined and methods for healing the damage using vascular networks were 
explored.  In Chapter 1, limitations of current fiber-reinforced composite impact testing 
protocols were conveyed and motivation for examining the differences in impact damage 
formation and response of 2D and 3D woven composite architectures was provided.  
Additionally, the current state-of-the art in self-healing polymers and composites containing 
vascular networks was presented and their use in restoring impact induced damage was 
contrasted with microcapsule and intrinsic based self-healing schemes.  Finally, the heritage of 
two-part healing chemistries and catalytic/initiator based chemistries for self-healing materials 
were outlined. 
Chapters 2 and 3 focused on the impact and post-impact response of 2D and 3D woven 
composites subject to out-of-plane impact testing using two impact testing protocols 
(Compression after impact and flexure after impact).  Results indicate that for 2D and 3D 
composites made with the same materials and which have the same areal density, 3D 
composites have increased damage tolerance as a result of delamination deflection 
mechanisms associated with the through thickness Z-tow in the fabric architecture.  
Consequently, when impacted with the same energy, 3D composites have higher residual 
flexural strengths after impact compared to 2D composites.  It was also discovered that 
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delamination damage induced during impact was the most significant cause for reductions in 
post-impact mechanical performance, provided fiber failure did not occur.  Comparing the two 
test protocols, it was demonstrated that for the same impact energy density, flexure after 
impact testing was more sensitive to the formation of internal damage than compression after 
impact testing.  Additionally, flexure after impact samples required approximately 4.5x less 
material than compression after impact samples, further bolstering the case for flexure after 
impact testing as an adjunct or a replacement for the outdated compression after impact 
testing protocol.  
In Chapter 4, dynamic pumping schemes for repeat healing in vascular, glass/epoxy composites 
were investigated.  Here, double cantilever beam specimens were utilized to demonstrate 
recovery of critical strain energy release rates of recurring crack opening events by pumping 
individually sequestered epoxy and amine based healing agents to the fracture plane where in-
situ mixing of the agents occurred and healed the interface at room temperature.  Various 
pumping profiles and component delivery ratios were utilized, with near 100% recovery of the 
virgin critical strain energy release rates reported in the best single-heal case.  Additionally, up 
to 10 healing cycles were exhibited at ca. 60% efficiency over repeat crack opening and healing 
events using an optimized pumping scheme.  Finally, confocal Raman spectroscopy was utilized 
to quantify the degree of in-situ mixing of healing agents in the fracture plane after healed 
testing.  Results demonstrated that healing efficiency of fracture testing and in-situ mixing 
efficiency of the healing agents were strongly correlated.  
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In Chapter 5, healing of impact damage in vascular composites was explored.  A novel healing 
agent delivery scheme utilizing air assisted reagent propulsion was used to demonstrate 
improved mixing of in-situ delivered agents when compared to previous vascular delivery 
methods.  Here, up to 47% recovery of post-impact flexural strength and 83% recovery of post-
impact flexural moduli was demonstrated.  Incomplete recovery of damage was attributed to 
incomplete damage filling as a result of insufficient damage connectivity required to deliver 
agents to all damage regions.  A metric of filling efficiency was calculated using images obtained 
during the delivery of healing agents.  Filling efficiency correlated with recovery of post-impact 
strength. 
Chapter 6 investigated the healing performance and mechanical properties of a novel 
epoxy/initiator based latent self-healing scheme as an alternative to two-part, 
stoichiometrically based healing systems discussed in previous chapters.  Healing was achieved 
by incorporating 2-ethyl-4-methylimidazole (24-EMI) into a host epoxy matrix for use as a latent 
anionic polymerization initiator of an epoxy monomer healing agent that was manually 
delivered.  Evaluation of self-healing performance using tapered double cantilever beam 
specimens demonstrated greater than 90% healing efficiency in samples containing 10 wt% 24-
EMI.  Reductions in the concentration of 24-EMI in the host resulted in lower healing 
efficiencies because of incomplete healing agent polymerization.  Degradation of self-healing 
performance with each fracture/healing cycle was due in part to hindered access to 24-EMI in 
the vicinity of the crack and its consumption during each healing cycle.  However, samples 
containing 10 wt% imidazole demonstrated up to 11 healing cycles with near 100% recovery 
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through the first 3 cycles.  Additionally, reasonable healing efficiencies (ca. 60%) were obtained 
for samples healed for 24 h at 60 ⁰C.   
7.2 Novelty of Work 
This dissertation is the first to contrast the impact and post-impact response of 2D and 3D 
composites of the same material construct and areal density.  It is also the first to contrast the 
sensitivity of flexure and compression after impact testing through residual strength and 
damage volume normalization.  Additionally, this dissertation provides the first quantitative 
correlation of impact damage size to post-impact property reduction in 2D and 3D woven 
composites. 
Contributing to the literature on self-healing materials, this dissertation is the first to 
demonstrate in-situ mixing of epoxy and amine-based healing agents in a closed, delaminated 
region of a composite over ten healing cycles.  In addition, it is also the first to demonstrate 
recovery of post-impact flexural strength and modulus after delivery and in-situ mixing of epoxy 
and amine healing agents.  Finally, this dissertation details the first method for fabricating an 
imidazole laden epoxy matrix containing residual anionic polymerization functionality and is the 
first to use this functionality for up to 100% recovery of fracture toughness over 11 
fracture/healing cycles in an epoxy matrix. 
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7.3 Closing Remarks and Future Directions 
7.3.1 Impact damage formation in 2D and 3D woven composites 
While this dissertation is the first to contrast 2D and 3D composites of the same material 
construct and areal density, it was limited to one specific fabric type (S2-glass) and matrix (high 
Tg epoxy).  Experiments comparing the impact and post-impact response of fiber-reinforced 
composites made using alternate fabric types (graphite, polymer, ceramic, etc...), fabric 
architectures (2D satin, 2D twill, 3D angle interlock, etc…), Z-binder densities, or matrix 
materials (vinyl ester, low Tg epoxy, thermoplastic, etc…), would be useful to verify the 
conclusions of this dissertation.  However, care must be taken when performing experiments to 
match the areal densities or fiber volume fractions of different composite types to allow for a 
valid comparison, as was done here.  In a review on 2D and 3D composite materials from 2010, 
Cox et al. also made this observation, noting that “…it is not possible to state conclusively that 
[3D composites are superior to 2D composites] because many researchers failed to report 
important data, including the in-plane fiber volume contents of the 3D and equivalent 2D 
materials, needed to interpret improvements in properties” [34].   
7.3.2 Healing of Delamination/Impact damage using a two-part healing agent chemistry 
Repeatable healing of delamination damage in a vascularized composite detailed in Chapter 4 
and healing of impact damage detailed in Chapter 5 are promising demonstrations, but the use 
of two-part, stoichiometric based agents requires precise control of agent delivery and proper 
in-situ mixing of the agents in the damage region.  While feasible on a lab scale, it would be 
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difficult in large scale application.  Moving away from stoichiometric based chemistries would 
lessen or eliminate the in-situ mixing requirements currently restricting vascular materials.  
Alternate healing agent chemistries which use anionic/cationic polymerization, catalysts, or 
radical initiation may provide superior in-situ polymerization with little or no mixing 
requirements.  Single-pot triggerable liquid agents such as the epoxy/imidazole system 
described by Kudo et al. [113] or the UV curable liquid systems reviewed by Schwalm et al. 
[114] may also be a viable choice since a single-part liquid deliverable eliminates the need for 
in-situ component mixing.  However, single-pot systems would be susceptible to long-term 
instability and would require an external trigger to commence the healing reaction, limiting 
autonomy.   
A combined microcapsule and microvascular approach to self-healing is one that remains 
relatively unexplored.  A hybrid capsule/vascular system may provide enhanced in-situ agent 
mixing when compared to purely vascular systems.  However, to fabricate this system, 
microcapsules must survive the vascular composite manufacturing process.  Until recently, 
microcapsules lacked the thermal stability to survive the vascularization process of 200 ⁰C for 
24 hours described by Esser-Kahn et al. [115].  However, the recent development of poly-
dopamine microcapsule coatings described by Kang et al. [116] and applied by Jones et al. [117] 
demonstrate the survival of microcapsules in high temperature environments (> 180 ⁰C) over 
long periods of time.  A hybrid healing system consisting of epoxy filled microcapsules with 
amine filled microvacuoles in a fiber-reinforced composites would be one example.  However, 
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the limitations of both the microcapsule (limited healing agent volume) and microvascular 
systems (insufficient agent mobility / mixing) may persist.  
Air assisted reagent propulsion does well to increase mixing of stoichiometric based agents but 
still has problems.  Air pathways need to remain relatively unobstructed to maintain high 
velocity air required to shear droplets from side channels during delivery.  If obstructed or if 
there is no exhaust for the air, backpressure into the channels halts airflow and stops the 
healing process.   
Despite the success of the vascular healing schemes described in Chapters 4 and 5, both 
systems still rely on human intervention to both detect the damage and implement the 
pumping protocol.  A truly autonomous system which couples damage detection and agent 
delivery is desired.  The field of structural health monitoring (SHM) has grown significantly over 
the last few decades.  Identifying matrix damage in conductive nanoparticle-filled composites 
has been demonstrated using a variety of electrical monitoring techniques including resistance 
monitoring [118–120] and electrical impedance tomography [121, 122].  True autonomy could 
be achieved by coupling the techniques of SHM with those of vascular self-healing, providing a 
material system which autonomously pinpoints damage and delivers healing agents to 
damaged regions through an automated control system. 
7.3.3 Latent Imidazole-based self-healing 
The ultimate goal when developing the epoxy/imidazole healing system described in Chapter 6 
was for use in healing damage in composites subject to out-of-plane impact.  Delaminations 
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occurring during impact are on the order of 10’s to 100’s of microns and it is currently unknown 
if the latent epoxy/imidazole system has the potential to heal cracks of that size.  Experiments 
measuring the maximum crack separation which can be healed using the epoxy/imidazole 
system described in Chapter 6 would be useful.   
Additionally it was observed that the mobility of the 2-ethyl-4-methylimidizaole initiator 
molecule played a key role in the healing potential.  Mobility of alternate imidazole molecules 
with lower molecular weights may improve healing performance by lowering the required 
energy (temperature) for healing or reducing the amount of imidazole required in the host 
matrix.  Candidate imidazole derivatives include: pure imidazole, 1-methylimidazole, and 1,2-
dimethylimidazole, all of which have shown the capability of undergoing an anionic 
polymerization with epoxy monomer healing agents [95, 123]. 
Finally, we observed that healing performance using the epoxy/imidazole system was improved 
if healing temperatures greater than the glass transition temperature of the host epoxy matrix 
were used.  Therefore, incorporation of latent imidazole functionality in host epoxy matrices 
with low glass transition temperatures may decrease the temperatures required for healing.  
Alternatively, solvents may be incorporated into the healing agent resin to locally plasticize the 
host and locally extract more imidazole functionality.  Caruso populated a list of swelling 
solvents for epoxies which may be useful in such a pursuit [124]. 
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APPENDIX A:  GROWTH OF A HIERARCHICAL NETWORK IN EPOXY VIA 
ELECTRICAL TREEING 
A.1 Introduction 
In nature, living systems rely on vascular networks to provide a variety of functions including 
nutrient transport, temperature regulation and self-repair.  By combining multi-functionality 
into a hierarchical system, living organisms conserve mass and, ultimately, energy expenditure 
to increase their chances for survival.  In trees, xylem and phloem form hierarchical vascular 
bundles which are responsible for nutrient transport, yet also contain lignified cells for 
structural support.  The design of this system also allows for re-growth of damaged areas, 
should such an event occur.  In humans, vessel hierarchy is achieved with large veins and 
arteries, smaller venules and arterioles, and even smaller capillaries.  This hierarchy allows 
nutrients to reach all cells in the body while keeping the heart at the core to provide circulation.  
In contrast, synthetic materials containing a hierarchical network of internal channels for 
dynamic functionality have yet to be fully explored as an option in engineering applications.  
Here we report on an experimental procedure capable of producing a hierarchical system of 
hollow channels in an epoxy matrix using a hybrid approach which combines the sacrificial fiber 
evacuation technique first reported by Esser-Kahn et al. [79] with the electrical treeing 
phenomena previously observed by multiple authors [125–134] and explored as a fine-scaled 
vascularization technique by Behler et al. [135, 136]. 
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Sacrificial fiber technology is enabled by the efficient thermal de-polymerization of catalyst-
impregnated poly(lactide) (PLA) fibers.  Typically, fibers are woven into a composite perform or 
cast into a host polymer, usually an epoxy matrix.  Then, after matrix solidification and cure the 
system is raised to elevated temperatures (ca. 200 ⁰C), fibers de-polymerize into their vaporous 
monomeric constituents and ultimately sublimate from the host material in a process termed 
Vaporization of Sacrificial Components (VaSC).  Upon fiber removal, a channel remains in the 
host which is a high fidelity inverse replica of the original material.  Initial work using this 
method demonstrated this technique in a fiber-reinforced composite [79].  Authors of this work 
were able to infiltrate hollow channels with a wide range of functional fluids to demonstrate 
multi-functional, pluripotent behavior.  Sacrificial fibers used in this work ranged in size from 20 
µm to 500 µm. 
Here, we couple the sacrificial fiber technology with electrical tree growth.  Electrical treeing 
involves the growth of stochastically branching hollow channels between two electrodes 
embedded in a host polymer material.  Channel formation is the result of damage to the host 
dielectric by multiple, small partial discharges events (PDEs).  Previous authors have shown that 
growth of these trees varies drastically and depends on applied current (AC/DC), frequency, and 
magnitude of the applied voltage, electrode geometry, properties of the dielectric, 
temperature, and geometry of the discharge region [134]. 
To date, many authors have explored vascular systems in synthetic materials using various 
approaches including laser micromachining [137, 138], electrostatic discharge [139], fugitive 
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inks [140], scavengible fibers [141, 142], hollow glass fibers [143, 144], removable steel inserts 
[145], and removable solder material [146].  However, these systems are often limited to a 
single size scale, and full network hierarchies spanning multiple size scales have yet to be 
realized.   
In this work, electrical tree growth is demonstrated between hollow channels with electrically 
conductive side-walls in an epoxy matrix.  Electrically conductive channels are created by 
coating sacrificial PLA fibers in gold-palladium (AuPd) before matrix infiltration and removal of 
sacrificial components through the VaSC process.  Three generations of samples with differing 
electrode geometries are used to demonstrate this behavior.  In first generation samples, 
electrical trees are grown between the end of a syringe needle tip and an AuPd coated channel 
in a point-to-plane type geometry.  However, these samples suffer from large current spikes 
when the electrical trees ultimately bridge the electrodes, causing catastrophic burnout of the 
channels formed through electrical treeing.  This burn-out is undesirable, as it destroys the 
dense, pervasive network created by electrical tree growth.  Second generation samples use a 
similar point-to-plane geometry, but take advantage of a thinner conductive layer on the 
channel sidewalls to mitigate catastrophic burn-out of channels upon bridging of the electrical 
tree between electrodes.  With a thin enough electrode material, a sufficiently large current 
spike can cause a local heating and vaporization of the electrode that severs electrical 
connectivity, acting like a localized fuse that "self-clears" [147, 148].  This behavior allows 
multiple electrical trees to bridge between the electrodes without catastrophic breakdown 
destroying the fine channels grown during treeing.  In third generation samples, electrodes are 
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arranged in a quasi-2D, plane-to-plane geometry and partial growth of electrical trees is 
realized between two hollow conductive channels.  
A.2  Materials and Methods 
A.2.1 Gold-Palladium Coated Sacrificial Fibers 
To demonstrate electrical treeing between hollow channels in a host epoxy matrix, channels 
must be lined with a conductive material to act as an electrode and create an electric field.  This 
was done by applying a conductive film to sacrificial PLA fibers before embedding them in the 
host polymer.  VaSC ready sacrificial fibers were created using the method described by Esser-
Kahn et al. [79].  All fibers measured approximately 500 µm in diameter.  These fibers were 
further modified by adding an additional AuPd coating on the outer fiber surface to provide an 
electrically conductive pathway during testing.  Fibers were coated using a Denton Vacuum, LLC 
model Desk V sputter coating machine.  Coating thickness varied with sputter coating time 
according to the calibration provided in Figure A.1.  Calibration was done by coating microscope 
slides for times ranging between 15 seconds and 60 seconds in the sputter coater at 15 second 
intervals.  The thickness of each of these coatings was measured by scratching the coating with 
a razor blade and measuring the scratch depth using an Asylum MFP-3D Stand Alone Atomic-
Force Microscope (AFM) with analysis performed using WaveMetric’s Igor Pro 6.22A analysis 
software. 
To verify that the AFM calibration provided an accurate model for the AuPd coating observed 
on the sacrificial fibers, an AuPd coated fiber (15 sec.) was sectioned at room temperature 
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using a microtome technique and observed using a JEOL model JEM-2100F Transmission 
Electron Microscope (TEM).  Figure A.2 shows a TEM micrograph of the AuPd coating, with a 
thickness of 7.7 ± 1.6 nm.  The presence of AuPd in this image was verified using the TEM’s 
affixed energy-dispersive x-ray (EDX) hardware (Oxford Instruments’ INCA X-sight).  Figure A.3 
provides the observed spectra for EDX analysis.  Gold, palladium and copper are clearly 
observed.  Copper is expected since the samples were prepared for TEM on copper grids.  
Thickness measurements of the coating on this sample fall within the region of values observed 
for the microscope slide calibration.  Therefore, authors assume that this calibration can be 
used to predict the AuPd thickness of all sputter coated sacrificial fibers used during electrical 
treeing experiments. 
A.2.2 Electrical Treeing Sample Fabrication 
Three different generations of samples with varying electrode geometries were used in these 
experiments to demonstrate the electrical treeing phenomena between hollow channels left 
behind after the VaSC process.  All samples used Araldite/Aradur 8605 epoxy resin (Huntsman 
Mfg.) mixed at a stoichiometric ratio of 100:35.  Epoxy was degassed in a vacuum oven for 
fifteen minutes before use.  Epoxy was then cast onto the surface of a microscope slide 
measuring 37  25  1 mm during the placement of the electrode materials.  Following 
electrode placement, another microscope slide of the same dimensions was placed on the 
sample and the entire sandwich structure was held together during cure with two binder clips 
applying light pressure.  Samples were cured for 30 hours at room temperature, followed by 2 
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hours at 121 ⁰C and 3 hours at 177 ⁰C.  Following post-cure, sacrificial fibers were evacuated by 
the VaSC process using a vacuum oven at 200 ⁰C for 48 hours. 
Point-to-plane electrode geometry was used in first and second generation samples as shown in 
Figures A.4-1 and A.4-2.  Both of these sample types used a 37 mm long 25 ga. needle as the 
positively conducting electrode in the cast specimen.  Needles were coated with Nanolabs’ 
industrial grade multi-walled carbon nanotubes (MWCNTs) to create a strong localized electric 
field at the needle tip and aid in the initiation of electrical trees during testing [136].  MWCNT’s 
were deposited on the needle tips by dipping the needle tips in a 1 wt% solution of nanotubes 
in dimethylformamide.  After dipping, needle tips were left to dry for a minimum of 24 hours in 
a fume hood before use.   
To complete the circuit in first generation samples, a 37 mm long 27 ga. needle was fed through 
the hollow channel with AuPd sidewalls left behind from sacrificial fiber evacuation as shown in 
Figure A.4-1.  These sacrificial fibers were initially placed perpendicular to the needle serving as 
the positive electrode at a stand-off distance of approximately 3 mm.  Two first generation 
samples were tested.  Both first generation samples used sacrificial fibers that were sputter 
coated with AuPd for 60s, giving a coating thickness of approximately 28 nm. 
In second generation samples, a shorter, 12 mm long 27 ga. needle (BD) was inserted 
approximately 3 mm into the hollow conductive channel left behind from VaSC as shown in 
Figure A.4-2.  Embedding the grounding needle at such a short distance forces electrons to flow 
through the AuPd sidewalls of the hollow channel and allows for self-clearing behavior.  Eight 
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second generation samples were tested.  Number of samples, sputter coating times and 
approximate coating thicknesses are presented in Table A.1. 
In third generation samples, two AuPd coated fibers were used to create electrical pathways.  
Fibers coated with approximately 28 nm of AuPd were placed parallel to each other 
approximately 3 mm apart, with an overlap region of approximately 10 mm as seen in Figure 
A.4-3.  Again, shorter, 12 mm long 27 ga. needles were inserted approximately 3 mm into the 
hollow conductive channels left after the VaSC process.  Only one third generation sample was 
tested. 
A.2.3 Experimental Procedure 
All samples were tested using the same power settings.  A 1.0 kHz AC sine wave was generated 
using a Protek 3MHz DDS Function Generator.  This signal was amplified to 16.25 kV peak-to-
peak using a Trek Model 20/20C high voltage amplifier.  Electrical activity was monitored using 
an Agilent Technologies Infiniium 54825N oscilloscope.  Samples were submerged in mineral oil 
during testing to mitigate arcing between electrodes.  Samples were visually monitored using a 
Dino-Lite AM411T Digital USB Microscope with images recorded at 5 second intervals.   
Testing time varied depending on sample generation.  First generation sample testing was 
stopped after catastrophic dielectric breakdown was observed.  Second generation sample 
testing was stopped after catastrophic dielectric breakdown or after 4 hours of testing, 
whichever occurred first.  Only one third generation sample was tested, and was stopped after 
4 hours of testing. 
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A.3 Results and Discussion 
A.3.1 First generation samples 
Two first generation samples were tested and both exhibited similar results.  Initiation of 
electrical trees was observed within 10-15 seconds of the start of both tests.  Dense trees then 
grew slowly in a stochastic manner towards the hollow AuPd coated channel for approximately 
five minutes until the trees reached the conductive channel acting as the ground.  When tree 
growth bridged the two electrodes and conductivity was restored, a large current spike was 
observed which vaporized the AuPd coated channel and burned through some of the electrical 
trees formed during testing.  Figure A.5a shows a dense network of trees formed in a first 
generation sample immediately before catastrophic failure, while Figure A.5b shows 
vaporization of the electrode and subsequent damage to the dielectric material when the 
electrodes are bridged by the electrical tree.   
Optical microscopy in the vicinity of the needle tip in Figure A.6 shows the effect of the burn-
through more clearly.  This image clearly shows two types of channels.   Those which are 
smaller in diameter and show a hierarchical, dense, stochastic growth pattern are those made 
by partial discharge events in the dielectric, exemplary of normal electrical tree growth and 
propagation.  While the larger, more dominant single channel is a result of the sudden burn-
through from the current spike.  At this point, exact measurements of channel diameters of 
stochastically grown electrical trees have not been made.  Optical micrographs show larger 
channels grown through electrical treeing may be up to 15 µm in diameter, while smaller 
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channels may be as small as 1 µm or less.  Channels made through catastrophic burn through 
are highly variable in diameter and range in size from 30 µm to up to 200 µm in some areas. 
While nominally termed unsuccessful, first generation samples demonstrated that hollow 
channels with conductive sidewalls could be manufactured in a host epoxy matrix and used for 
electrical conductivity by removing AuPd coated sacrificial fibers via the VaSC process.  They 
were also useful in demonstrating that electrical trees could be grown in this particular epoxy 
matrix. 
A.3.2 Second Generation Samples 
Results of second generation sample testing are outlined in Table A.2.  Eight samples were 
tested, each with various AuPd sidewall coating thicknesses.  Samples with AuPd coating 
thicknesses of 7 and 14 nm all showed no tree growth after each being subjected to four 
continuous hours of testing.  Lack of growth is most likely due to interruptions in the 
connectivity of the conductive AuPd film on the inner channel walls.  Samples with 
approximately 28 nm of film thickness all demonstrated catastrophic failure within ten minutes 
of test initiation in a manner similar to first generation samples.  However, samples with an 
approximate coating thickness of 21 nm displayed mixed results.  In one sample, no tree growth 
was observed, while in the other sample tested, self-clearing behavior was observed.  Images 
from the sample demonstrating self-clearing behavior are provided in Figure A.7.  Images show 
a dense network of channels formed in the material, as well as a non-catastrophic failure event 
at the AuPd coated channel.  The sample demonstrating self-clearing effects was tested for 
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over four hours without catastrophic failure.  Results here indicate that the AuPd film thickness 
is of critical importance; the coating must be thick enough to retain electrical conductivity, yet 
thin enough to exhibit the self-clearing effect.  Future work will focus on the acceptable range 
of coating thickness for the demonstration of the self-clearing effect. 
A.3.3 Third Generation Samples 
Only one third generation sample was tested.  In this sample, partial growth was realized 
between two gold-palladium lined channels.  Growth initiated from an area where the original 
fiber was severed, creating a localized pinch point and, thus, an area where the localized 
electrical field was stronger during testing.  Figure A.8 provides an optical micrograph of the 
only third generation sample tested.  While tree initiation did take place, the tree did not grow 
sufficiently to completely bridge the channels.  Furthermore, the tree initiated at the end of 
one of the channels, likely due to field concentration effects, while the long-term objective is 
instead to demonstrate growth between semi-infinite channels where end effects would not 
contribute to treeing behavior.  Additional work is required to initiate and completely bridge an 
electrical tree between channels. 
In future work we also intend to infiltrate channels with various fluids for added functionality.  
Potential applications for this network may be realized in the areas of self-healing, thermal 
regulation, or electromagnetic properties.  We also plan to more systematically investigate the 
effects of distance between channels, as well as AC amperage and frequency on the growth and 
ultimate diameter of channels created using the electrical treeing process. 
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A.4 Conclusions 
Electrical tree growth was demonstrated in an epoxy matrix between hollow channels 
containing electrically conductive AuPd coated sidewalls.  Channels were fabricated by sputter 
coating a thin layer of AuPd onto sacrificial PLA fibers and then removing fibers after sample 
fabrication using the VaSC process, ultimately leaving behind the metallic coating for the 
initiation and growth of smaller electrical tree structures.  First generation samples 
demonstrated feasibility; however, large current spikes causing catastrophic failure in the host 
polymer occurred when electrical trees grew to bridge the embedded electrodes.  Second 
generation samples used a thinner metallic coating in the channel sidewalls to take advantage 
of self-clearing behavior.  Self-clearing was observed in one sample during testing and this 
sample demonstrated the ability to produce dense, highly-branched networks in an epoxy 
matrix.  Thickness of the AuPd film was found to dictate self-clearing behavior.  AuPd coating 
thickness on a sacrificial fiber was measured using TEM, and its elemental presence was verified 
using EDX.  Coating thickness was found to correlate well with calibrations performed using 
coated microscope slides measured by AFM.  Finally, partial growth of electrical trees between 
two channels was achieved using a third generation sample.  Results indicate that creating a 
hierarchical system of hollow vessels in a synthetic material resembling those found in 
biological systems is possible using this hybrid approach. 
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A.5 Figures 
 
Table A.1  Fiber coating parameters for second generation samples. 
 
 
 
Table A.2  Results of second generation sample testing. 
 
Sputter Coating 
Time (s) 
Approximate Coating 
Thickness (nm)
Number of 
Samples Tested
15 7 2
30 14 2
45 21 2
60 28 2
7 2 0 0
14 2 0 0
21 1 1 0
28 0 0 2
Approximate Coating 
Thickness (nm)
Sample Results
No Tree Growth 
(# of samples)
Self-Clearing Behavior 
(# of samples)
Catastrophic Failure 
(# of samples)
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Figure A.1.  Calibration of sputter coating time vs. gold-palladium thickness made using atomic 
force microscopy on gold-palladium coated microscope slides.  Experimental validation of the 
AuPd thickness on a coated sacrificial fiber was done using transmission electron microscopy.  
Error bars were too small to include in this figure.  The largest standard deviation of any 
measurement was 0.64 nm. 
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Figure A.2.  TEM micrograph of a gold-palladium coating on the surface of a sacrificial fiber 
cross-section.  The gold-palladium coating measures 7.7 ± 1.6 nm. 
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Figure A.3.  Energy Dispersive X-Ray (EDX) spectrum of the gold-palladium coating viewed 
during TEM imaging in Figure A.2. 
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Figure A.4.  (I.) First, (II.) second, and (III.) third generation sample geometries.  A – 37 mm long 
25 ga. syringe needle coated in MWCNTs.  B – 37 mm long 27 ga. syringe needle.  C.  
Araldite/Aradur 8605 epoxy.  D – Microscope slides.  E – Hollow channel with AuPd coated 
sidewalls created using the VaSC process.  F – 12 mm long 27 ga. needle. 
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Figure A.5.  Optical micrographs taken during testing of a first generation sample showing (A.) a 
densely grown network of hollow channels formed by the electrical treeing process 
immediately before catastrophic failure, and (B.) bridging of electrical trees between electrodes 
causing a current spike and catastrophic failure in the host polymer and electrode material.  
Scale bars are 1 mm. 
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Figure A.6.  Optical micrographs of channels formed in first generation samples.  (A) Needle tip 
vicinity, where electrical tree growth initiated, (B) electrical trees, and (C) catastrophic 
breakdown pathway. Scale bar is 500 µm. 
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Figure A.7.  Optical micrographs of a second generation sample showing (A.) the full network, 
(B.) a self-clearing event in the vicinity of a hollow, electrically conductive channel, and (C.) 
dense, pervasive growth near the syringe needle tip. 
B.
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B.
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Figure A.8. Optical micrographs of partial electrical tree growth in third generation samples 
showing (A.) an overview and (B.) growth near a pinched channel end. 
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APPENDIX B:  VASCULARIZATION OF METALLIC MATRICES USING 
SACRIFICIAL PRECURSORS 
B.1 Introduction 
Evacuation of sacrificial materials from a host matrix via the Vaporization of Sacrificial 
Components (VaSC) process need not be limited to polymeric matrices.  Unlike the 
vascularization process for polymeric materials, there is no need for embedded catalysts in the 
sacrificial PLA material when they are embedded in metal matrices. Metallic materials can 
withstand significantly higher evacuation temperatures than their polymeric counterparts, and 
thus de-polymerization temperatures of 300 ⁰C or more can be used without damaging the 
metallic matrix material.   
In this appendix, vascularization of metal matrices is explored through embedment of sacrificial 
PLA precursors into the metal during manufacture.  PLA polymer was incorporated into metal 
matrices during a low temperature metal deposition process known as wire-arc thermal spray.  
By using a low temperature manufacturing process for the fabrication of the metal matrix, 
sacrificial materials can be incorporated into the metals manufacturing process without pre-
mature thermal de-polymerization.  Sacrificial components are then evacuated later at elevated 
temperatures.   
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B.2 Materials and Methods 
B.2.1 Wire Arc Spray Deposition 
A schematic of typical wire arc spray operation is depicted in Figure B.1.  Here, two consumable 
metal wires are fed independently into the spray gun and charged using electrical currents.  
Wires are then brought to an interconnect where an arc discharge occurs and atomizes the 
incoming wire material.  High velocity ionized air then ejects the atomized particles from the 
spray gun onto the sample surface, where the molten particles are deposited onto the 
substrate and material thickness is accumulated. 
Wire arc spray was performed on all substrates using a Flexi Arc Electric Arc Spray unit 
(Oerlikon Metco; Winterthur, Switzerland).  99.0% pure aluminum and 99.8% pure copper 
feedstocks were also obtained from Oerlikon Metco, and used as received.  Thickness of 
deposited material was dependent on the spray time and sample size, and varied from sample 
to sample.  Coatings ranged in thickness from hundreds of microns to several millimeters, with 
spray times ranging from several seconds to several minutes.  Substrate preparation, sacrificial 
PLA precursor selection, and final sample geometries varied with sample generation. 
B.2.2 Substrate Preparation and Sacrificial PLA Precursor Selection 
Copper (alloy 110) and aluminum (alloy 1100) substrates were obtained from McMaster-Carr 
(Chicago, IL) and were sandblasted immediately prior to arc spray treatment using 60 grit blast 
media to increase surface roughness and aid in arc spray particle adhesion.  PLA fibers were 
fabricated following the procedure of Esser Kahn et al. and measured 500 µm in diameter [79].  
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PLA sheets (Rejuven8TM) were obtained from Global Thermoforming, Inc., (Nashville, TN) and 
were approximately 450 µm in thickness.  PLA deposited via fused deposition modelling was 
obtained from Stratasys Inc. (Eden Prarie, MN).  
B.2.2.1 First Generation Samples 
In first generation samples, copper and aluminum substrates were used and PLA fibers were 
used as the precursor.  Two types of straight channels were milled into the substrates to better 
house sacrificial PLA fibers: hemi-spherical and square.  To create hemi-spherical channels, a 1 
mm radius, 400 µm depth channel was milled into 76 x 101 x 6.35 mm substrates using a #2 
centerdrill.  Square channels were fabricated using a 400 µm diameter square endmill, plunged 
to a depth of 400 µm.  A single 500 µm diameter sacrificial PLA fiber was placed into the milled 
channel and held during the spray process using two small binder clips on either ends of the 
channel/substrate.  In some samples, a spray adhesive (Super 77; 3M; St. Paul, MN) was used 
on the substrate surface to increase adhesion of the fiber to the sample surface.   
B.2.2.2 Second Generation Samples 
In second generation samples, aluminum substrates were used and PLA sheets served as the 
precursor.  Prior to wire-arc spray deposition, PLA sheets were cut into a diamond pattern as 
depicted in Figure B.2 using a CO2 laser cutter (Full Spectrum Laser; Las Vegas, NV).  In some 
samples, a spray adhesive (Super 77; 3M; St. Paul, MN) was used on the substrate surface to 
increase adhesion of the film to the sample surface.  During wire arc treatment, films were held 
on the substrate using binder clips. 
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B.2.2.3 Third Generation Samples 
For third generation samples, aluminum substrates were used and PLA precursors were printed 
directly onto substrates using a customized RapMan 3.1 fuse deposition modeler (Bites from 
Bytes, Ltd; North Somerset, United Kingdom).  During deposition, aluminum substrates were 
heated to 190 ⁰C and the nozzle of the FDM was heated to 260 ⁰C.  A single sinusoidal line was 
written onto the aluminum substrate with a wavelength of 20 mm and an amplitude of 20 mm.     
B.2.3 Evacuation of Sacrificial Materials 
All samples were evacuated at 300 ⁰C for 24 hours in a convection oven then subsequently 
purged with acetone, water, and air. 
B.3 Results and Discussion 
B.3.1 First Generation Samples 
Cross-sections of first generation aluminum samples after wire-arc deposition and sacrificial 
fiber evacuation are depicted in Figures B.3a and B.3b, respectively.  Images clearly show that 
the sacrificial materials survive the wire-arc spray process and are embedded in the matrix after 
spray deposition.  However, deposition of aluminum in the vicinity of the fibers was poor and 
often led to poor channel fidelity after sacrificial material evacuation.  During first generation 
sample manufacture, it was discovered that sacrificial fiber security affected the channel 
fidelity.  If not well secured during the wire-arc spray processing, fibers displaced during the 
treatment, leaving channels of poor quality.  However, with improved processing technique, 
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both copper and aluminum samples were fabricated that provided high fidelity channels and 
minimal disruption of spray deposition (Figs. B.4a and B.4b).   
Cross-sections of aluminum samples during various stages of the manufacturing process are 
depicted in Figure B.5.  Generally, samples that did not use a spray adhesive (Figs. B.5a-B.5f) 
had better final channel geometry.  Samples using a spray adhesive had delaminations between 
the substrate and the deposited material.  We hypothesize that the adhesive interrupts 
bonding between the impingent aluminum particles and the substrate during wire-arc spray 
treatment.  Differences between hemi-spherical and square channel housings generally had 
little effect on final microchannel fidelity.   
B.3.2 Second Generation Samples 
An aluminum substrate with a diamond patterned PLA film in preparation for wire-arc spray 
deposition is depicted in Figure B.6a.  No adhesive was used to hold this film on the substrate 
during wire-arc spray deposition.  A cross-section of this sample after wire-arc spray deposition 
is provided in Figure B.6b.  Sacrificial PLA materials are visible in the cross-section, indicating 
that the PLA does not pre-maturely depolymerize or erode during the wire-arc spray process.  
However, high velocity air from the wire-arc spray gun displaces the film from the substrate 
surface and interrupts bonding of impingent aluminum particles near the film.  As a result, after 
evacuation of sacrificial materials poor channel fidelity is observed and delaminations between 
the substrate and the deposited material occur, as depicted in Figure B.6c.   
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Cross-sections of a second generation aluminum sample that used a spray adhesive to bond the 
PLA films to the substrate show enhanced channel fidelity (Fig. B.7a).  However, after 
evacuation of films that used the spray adhesive, charred residue was visible in the resulting 
channel and restricted flow of fluids through the network(s).   
B.3.3 Third Generation Samples 
A third-generation sample substrate in preparation for wire-arc spray is depicted in Figures B.8a 
and B.8b.  PLA deposited using fuse deposition modelling is visible and is well adhered to the 
substrate.  Unfortunately, no third generation sample types were fabricated to completion, but 
we believe that direct deposition of PLA onto the substrate surface is the optimal method as it 
allows for more freedom in PLA patterning and does not require spray adhesives or binder clips 
for security during the wire-arc spray process.  PLA deposited using the fuse deposition modeler 
was approximately 400 µm thick with a 1 mm line width. 
B.4 Conclusions 
In this appendix, methods for fabricating vascular metals were explored.  PLA fibers, films, or 
directly written PLA material was secured to a metal substrate before deposition of metallic 
material over the substrate area via low temperature wire-arc spray deposition.  After 
deposition of metal across the substrate, encapsulated sacrificial PLA materials were evacuated 
at high temperatures leaving internal channels in the metallic matrices.  Experiments 
demonstrate that adhering films and fibers to the substrate via a spray adhesive interrupted 
the bonding of deposited metal and the substrate during wire-arc deposition.  However, with 
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no adhesive, PLA films and fibers displaced during the wire-arc deposition and created internal 
networks of poor fidelity.  Future work will focus on samples which use directly deposited PLA 
material on the sample substrate.  Fuse deposition of PLA allows for significant adhesion 
between the PLA and the substrate without the use of spray adhesives and eliminates the need 
for external clamping mechanisms, thus eliminating residual adhesive char and low fidelity 
channels after removal of the sacrificial components at high temperatures.  Freedom to 
inexpensively create complex internal vascular networks in metal matrices would unlock new 
applications in thermal management of high temperature systems that may have previously 
been economically restrictive. 
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B.5 Figures 
 
Figure B.1.  Schematic of wire-arc spray deposition.  Image from [149]. 
 
 
Figure B.2.  Diamond patterned PLA sheet for second generation samples. 
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Figure B.3.  Cross-section of a first generation aluminum sample (a) after wire-arc spray 
deposition and (b) after PLA fiber evacuation.  Adhesives were not used to hold sacrificial 
materials during wire-arc spray treatment of this sample. 
 
Figure B.4.  Cross-section of a first generation (a) copper and (b) aluminum sample after wire 
arc spray treatment and PLA fiber evacuation. 
a) b)
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Figure B.5.  Cross-sections of aluminum samples during the manufacturing process.  Samples 
are sandblasted to increase surface roughness and promote adhesion (a, d, g, j).  Material is 
then deposited using wire-arc spray (b, e, h, k).  Finally, sacrificial components are evacuated to 
create internal vascular networks (c, f, i, l).  Samples in images (a)-(f) did not use a spray 
adhesive to promote adhesion between the PLA fibers and the substrate.  Samples in images (g) 
– (l) used a spray adhesive to promote adhesion between the PLA fibers and the substrate 
during wire-arc deposition.  Residual adhesive (A) led to poor adhesion of deposited material to 
the substrate and caused delaminations (B) in the vicinity of the PLA fibers (C). 
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Figure B.6.  (a) An aluminum substrate with a diamond patterned PLA film in preparation for 
wire-arc spray deposition (second generation sample type).  (b)  Cross-section of the sample in 
image (a) after wire-arc spray deposition.  (c)  Cross-section of the sample in image (a) after 
sacrificial PLA material evacuation.  PLA material (A) is encapsulated during the wire-arc 
process, but is displaced from the surface of the substrate, leaving poorly deposited wire-arc 
spray material, poor channel fidelity, and increased likelihood of poor bonding (B) between 
sprayed material and the underlying substrate. 
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Figure B.7.  (a) Cross-section of a second generation aluminum sample after wire-arc spray 
deposition.  Prior to deposition, PLA material was adhered to the substrate using a spray 
adhesive.  (b)  Cross-section of the sample from (a) after sacrificial material evacuation.  
Charred residual adhesive is visible following evacuation of the PLA films. 
 
Figure B.8.  (a) Aluminum substrate with adhered PLA deposited using a 3D printing machine 
(third generation sample type).  (b)  Close up image of deposited PLA material. 
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APPENDIX C:  METALLIC COATING OF MICROCAPSULES 
C.1  Introduction 
Microcapsule thermal instability in high temperature composite processing restricts their use.  
As temperatures rise during processing, contents of the capsules may egress as a result of 
thermodynamically unfavorable conditions or a breakdown of the capsule shell wall.  Additional 
shell wall coatings may offer increased thermal and chemical stability.  In this appendix, we 
used a fluidizing bed in tandem with a sputter coating technique to uniformly deposit an 
aluminum coating on the surface of epoxy filled microcapsules.  SEM microscopy and energy 
dispersive x-ray tomography indicate the presence of an aluminum coating after exposing 
capsules to a 6 hour sputter coating treatment.  However, thermogravimetric analysis reveals 
no increase in thermal stability compared to uncoated capsules.  Nonetheless, longer coating 
times or alternate metallic coatings may be explored using this technique to increase coating 
thicknesses and potentially improve chemical and thermal stability of microcapsules. 
C.2  Materials and Methods 
C.2.1  Microcapsule preparation 
Epoxy microcapsules were prepared according to the procedure outlined by Jin et al. [150].  The 
diluted epoxy resin used in the microcapsules is a low viscosity system consisting of bisphenol-A 
epoxy resin diluted with 26% (m/m%) o-cresyl glycidyl ether.  Capsules had an average diameter 
of 142 ± 20 μm.  Following fabrication, capsules were rinsed with ethanol and dried in air. 
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C.2.2  Sputter Coating and Fluidizing Bed Set-Up 
Aluminum coatings were deposited onto epoxy microcapsules using the fluidizing bed / sputter 
coating set-up described by Baechle et al., depicted in Figure C.1 [151].  Capsules were coated in 
an argon atmosphere at 1 mTorr using a sputter coating power of 30.6 W (360V, 85 mA) for 6 
hours. 
C.2.3  SEM Microscopy and EDX Spectroscopy 
Scanning electron microscopy (SEM) was used to image capsules after treatment.  To prepare 
samples for imaging, an aluminum SEM stub was covered in conductive carbon tape, upon 
which capsules were scattered.  The stub was then placed into a Desk V sputter coater (Denton 
Vacuum; Moorestown, NJ) to apply a conductive gold-palladium coating.  Images were taken 
under high vacuum using a secondary electron detector with an accelerating voltage of 10 kV.  
Energy-dispersive x-ray (EDX) spectroscopy was used in conjunction with SEM imaging to verify 
the presence of aluminum on the microcapsule surface.  Areal scans of approximately 5 x 5 µm 
on the capsule surface were excited and the number and energy of x-rays emitted from that 
area were accumulated.   
C.2.4  Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) was performed on coated and uncoated microcapsules to 
determine if coated microcapsules provided increased thermal stability over uncoated capsules.  
To test, approximately 5 mg of capsules were placed on a TGA pan then loaded into the 
machine.  Samples were ramped in temperature from 0 ⁰C to 600 ⁰C at a rate of 5 ⁰C/min in a 
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nitrogen environment. Thermogravimetric analysis was performed using a Q500 
Thermogravimetric Analyzer (TA Instruments; New Castle, DE). 
C.3 Results and Discussion 
C.3.1 Confirmation of Coating on Capsule Surface 
SEM micrographs of intact and crushed aluminum coated capsules are provided in Figures C.2a 
and C.2b, respectively.  Visually, the surface of the aluminum capsules appear cratered, likely 
from deposition of sputtered aluminum material.  The visual appearance of aluminum coated 
capsules using SEM imaging here is markedly different from the appearance of uncoated 
capsules of the same type (depicted in [150]).  Crushed capsules show clear evidence of liquid 
release, verifying retention of the liquid in the capsules during the sputtering process. 
EDX spectra of the intact capsule surface is provided in Figure C.2c.  Spectra show high counts 
of the energy emission at 1.49 keV, typical of the Kα transition in aluminum.  Emissions at 0.52, 
2.12, 2.84, and 2.99 keV are also present and represent the Kα, Mα, Lα and Lβ1 transitions of 
oxygen, gold, palladium, and palladium, respectively.  Oxygen is present as a component in the 
capsule shell wall, while gold and palladium are present on the capsule surface as a result of the 
sputter coating treatment used prior to SEM imaging.  The presence of aluminum in the EDX 
spectra confirms the deposition of aluminum on the capsule shell wall during the sputter 
coating deposition described in Section C.2.2. 
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C.3.2 Thermal Stability 
Results of TGA tests are provided in Figure C.3.  Both coated and uncoated capsules show a 
stepwise degradation during TGA.  Approximately 70% of the mass is lost during the first 
transition at ca. 200 ⁰C, and the remaining mass is lost during the second transition at ca. 400 
⁰C.  The first transition is the loss of the epoxy monomer, while the second peak is the loss of 
the o-cresyl glycidyl ether.  Since the coated and non-coated capsules had similar degradation 
mechanics, we conclude that the capsules do survive the coating process but that there is no 
increase in the thermal stability of the capsules with the applied aluminum coating.  
C.4 Conclusions 
In this appendix, deposition of a thin layer of aluminum on the wall of an epoxy-filled 
microcapsule using a combined fluidizing bed and sputter coating technique was demonstrated.  
Verification of shell wall deposition was achieved using SEM microscopy and EDX spectroscopy.  
Despite the addition of a metallic coating, no additional thermal stability was provided for the 
capsule core contents, as measured by thermogravimetric analysis.  However, longer deposition 
times would increase the coating thickness and may provide increased chemical and/or thermal 
stability.  Additional work characterizing the coating thickness would also be valuable. 
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C.5 Figures 
 
Figure C.1.  Fluidizing bed / sputter coating schematic (left) and apparatus (right).  Image 
adopted from [151]. 
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Figure C.2.  SEM micrographs of (a) Intact and (b) crushed epoxy capsule after sputter coating 
deposition.  (c)  EDX spectra of the surface of an aluminum coated capsule.  Red box in (a) 
denotes approximate area scanned during EDX spectroscopy.  All scale bars are 100 µm. 
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Figure C.3.  Thermogravimetric analysis of coated and uncoated epoxy microcapsules. 
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APPENDIX D:  VACUUM ASSISTED RESIN TRANSFER MOLDING OF AN 
IMIDAZOLE LADEN GLASS/EPOXY COMPOSITE 
D.1 Introduction 
Imidazole laden epoxy matrices provide the potential for latent self-healing, as described in 
Chapter 6.  However, composite processing of epoxy materials containing the latent imidazole 
initiator is difficult, as pre-mature polymerization of the monomer may occur in the presence of 
the imidazole.  In this appendix, a method for fabricating glass/epoxy composites with latent 
self-healing imidazole functionality is described.  Additionally, healing of impact induced 
damage is depicted using scanning electron fractography.  
D.2 Materials and Methods 
D.2.1 Composite Processing 
Composites were fabricated from a single 178 x 178 mm layer of 4.07 kg/m2 S2 glass 3D 
orthogonal weave fabric (Textile Engineering and Manufacturing; Woonsocket, RI) using a 
vacuum assisted resin transfer molding technique.  To prepare the resin for infiltration, 200 g of 
EPON 862 epoxy resin (Miller Stephenson; Morton Grove, IL), 45.4 g of Epikure 3300 aliphatic 
amine hardener (Miller Stephenson), and 12.92 g of 2-ethyl-4-methylimidazole (Sigma Aldrich; 
St. Louis, MO) were mixed in a single cup.  The cup was then placed into a vacuum oven at ca. 1 
torr for 20 minutes at room temperature to degas air and other volatiles.  Immediately 
following degassing, the resin was infused into the composite at 36 torr.  The composite was 
subject to cure in a convection oven for 4 h at 30 ⁰C plus an additional 1.5 h at 82 ⁰C, plus an 
 183 
 
additional 1.5 h at 150 ⁰C while under vacuum.  Following cure, samples were cut to 110 x 20 
mm beams for impact testing. 
D.2.2 Impact and Healing Protocols 
Beam impact testing was conducted on an Instron 8250 drop-weight Charpy tower.  Samples 
were clamped in a fixed-fixed configuration with a span of 40 mm and impacted across the 
width with a cylindrical impact tup (25.4 mm radius of curvature).  Samples were impacted with 
25 J of impact energy (impactor mass = 7.625 kg; height 334 mm).  Load data was collected 
during impact using an Instron 8946-2 load cell interfaced with LabVIEW (v 13.0) software.   
Healing of impact damage was facilitated using a vacuum infiltration method.  Samples were 
submerged in a bath of EPON 8132 (Miller-Stephenson) epoxy monomer healing agent and 
placed into a vacuum chamber at 1 torr for 1 hour.  Following infiltration, samples were 
removed from the chamber, pat dry of excess agent, then subject to a 1 hour healing cycle in a 
convection oven at 150 ⁰C.  Control specimens were fabricated in the same manner as healed 
specimens and followed the same impact and healing procedures outlined above, but were not 
vacuum infiltrated with EPON 8132 epoxy healing agent monomer.   
D.2.3 Cross-sectional Imaging 
Cross-sectional imaging was performed on both healed and control samples.  Width wise cross-
sections of the impacted specimens were taken at a location directly under the impact site.  
Cross-sections were polished according to the polishing procedure outlined in Section 2.2.6.  
Cross-sectioned samples were sputter coated with gold-palladium and imaged using a 
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secondary electron detector on a Philips XL30 ESEM-FEG scanning electron microscope with an 
acceleration voltage of 15 kV. 
D.3 Results and Discussion 
D.3.1 Verification of Healed Material 
Scanning electron micrographs of delaminated regions in both unhealed and healed composite 
cross-sections are depicted in Figures D.1a and D.1b, respectively.  Control specimens have a 
clearly defined delamination of approximately 30 µm of separation.  However, healed samples 
show evidence of healed material in a similarly looking delamination.   
D.4 Conclusions 
In this appendix, a method for fabricating an imidazole laden glass/epoxy composite was 
outlined.  Beam specimens were cut from the composite and impacted, out-of-plane, using a 
drop weight tower.  After vacuum infiltration of healing agents and an elevated temperature 
healing cycle, cross-sectional SEM micrographs revealed healed polymer in previously damaged 
regions of the impacted composite.   
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D.5 Figures 
 
Figure D.1. Cross-sectional scanning electron microscopy images of (a) control and (b) healed 
imidazole laden glass/epoxy composites after impact-induced damage and healing protocols.  
Control specimens show unhealed delaminated regions of approximately 30 μm in separation, 
while healed specimens show healed material in similarly delaminated regions.  Scale bars are 
200 µm. 
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APPENDIX E:  HEALING OF IMPACT DAMAGE USING SEGREGATED TWO-
PART DELIVERY OF HEALING AGENTS 
E.1 Introduction 
Methods for delivering healing agents to delaminated regions of a fractured double cantilever 
beam composite specimen were explored in Chapter 4.  The described method details the 
delivery of epoxy/amine healing agents using an alternating on/off pulsatile pumping delivery 
scheme.  In this appendix, we explore the use of the healing agent delivery schemes employed 
in Chapter 4 for healing impact damage in composite beam specimens with similar vascular 
networks. 
E.2 Materials and Methods 
E.2.1 Composite Manufacture 
To prepare composites, 4 layers of 814 g/m2 S2-glass plain weave fabric (Owens Corning; 
Toledo, OH) measuring 27.9 x 27.9 cm were arranged in a [0/90]s sequence.    For vascularized 
samples, sacrificial fibers (500 μm diameter) prepared according to Esser Kahn et al. [79] were 
then stitched by hand into the preform to define the microchannel network.  One additional 
layer of fabric was then placed on both the top and bottom layers of the stitched preform to 
embed the sacrificial fibers within the preform stack, yielding a final lay-up sequence of 
[90/0/90]s.  In some samples, sacrificial films made according to Gergely et al. [81] were 
incorporated at the sample mid-plane between layers 3 and 4 to serve as a simulated 
delamination.  Sacrificial films measured approximately 130 µm in thickness.  Neat specimens 
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did not contain vascular networks or films, had a stacking sequence of [90/0/90]s, and were 
used as a control.  For all sample types, epoxy resin EPON 862 and aromatic amine curing agent 
Epikure W (100:26.4 ratio w/w%; Momentive Inc.; Waterford, NY) were infused into the 
preform by vacuum assisted resin transfer molding (VARTM) under vacuum at 36 torr, 70 °C.  To 
cure, the composite was raised to a temperature of 121 °C immediately after infusion at 3 °C / 
min and held for 8 h to complete the manufacturer’s recommend cure cycle.  After the cure 
cycle, samples were placed in a vacuum oven at 200 ⁰C for 24 h to evacuate the sacrificial 
elements.  The revealed microchannel network and simulated delamination (where applicable) 
were sequentially flushed with acetone, de-ionized water, and air to clear any obstructions. 
Beam specimens were cut from the cured panel to the dimensions depicted in Figure E.1a or 
E.1b (depending on sample type) using a water cooled diamond saw.  The vascular impact 
specimens contain three internal microchannels that traverse the entire length of the 
specimen.  Samples containing a mid-plane delamination intersected these channels in the 
center of the delaminated region according to Figure E.1b.  Samples undergoing the healing 
process had agents delivered to the delaminated regions through channels as depicted in Figure 
E.1c. 
E.2.2 Healing Protocols 
Samples containing microchannels and a simulated mid-plane delamination underwent one of 
three healing agent delivery protocols:  no healing agent delivery, vacuum infiltrated reference 
healing agent delivery, or dynamic pumping infiltration.  Epoxy resin EPON 8132 and amine 
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based hardener Epikure 3046 were used as the healing agents because of their low viscosity 
and heritage in previous self-healing works [102].   
Samples undergoing no healing agent delivery served as a control case.  For samples 
undergoing the vacuum infiltrated reference healing protocol, pre-mixed healing agents were 
used.  Healing agent components were mixed in a stoichiometric ratio of 1.9:1 v/v% and 
degassed for 15 minutes at room temperature.  Samples were then submerged in a bath of the 
pre-mixed agents for one hour under vacuum to infiltrate all damaged regions.  Following 
infiltration, samples were pat dry using non-absorbent napkins and given 48 h at 30 °C for 
healing. 
For samples undergoing the dynamic pumping infiltration delivery protocol, pressurized 
delivery of agents through the microchannels to the delaminated region of the sample was 
employed.  Delivery of agents was controlled using a pressure box.  The delivery profile chosen 
was based upon the work carried out in Chapter 4 which showed the best healing results during 
double cantilever beam testing.  Using this protocol, alternating pulses of resin and hardener 
were delivered at a rate of 9.4 µL/min/channel and 10 µL/min/channel, respectively, through 
the channels to the crack plane.  Each pumping pulse lasted 30 s in duration, and 4 complete 
cycles of resin and hardener delivery were performed. 
E.2.3. Flexure Testing Protocol 
Flexure testing was conducted on load frame (model 5984; Instron; Norwood MA) with an 
affixed 5 kN load cell according to ASTM D6272.  Samples were tested in four-point flexure at 2 
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mm/min with an outer span of 80 mm and an inner span of 40 mm.  All loading and support 
pins had a 6.35 mm radius of curvature.  Center point deflection was measured by tracking the 
displacement of a spring loaded plunger in contact with the specimen during testing.  
Displacement of the plunger was tracked with a non-contact video extensometer (model AVE 
2663-821; Instron).  Hardware was controlled and data was collected with Bluehill (v3; Instron) 
software.  Samples were tested until visual and audible signs of failure were observed. 
Maximum flexural stress in the beam occurs between the two central loading pins at the outer 
edges of the sample thickness and is calculated using Eulerian beam theory as: 
σ =  3𝑃𝐿 4𝑤𝑡2⁄                (𝐸. 1) 
where σ is the stress at the outer edge of the beam throughout the mid-span, P is the load, L is 
the support span, w is the width of the beam, and t is the thickness of the beam.   Healing 
efficiency (η) is reported for the flexural strength using the following equation: 
𝜂 =  
𝜎ℎ − 𝜎𝑛
𝜎𝑢 − 𝜎𝑛
               (𝐸. 2) 
where 𝜎𝑛 is the average flexural strength of a neat sample, and 𝜎ℎ and 𝜎𝑢 are the average 
flexural strengths of healed and unhealed vascular samples, respectively.  
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E.3 Results and Discussion 
E.3.1 Comparison of Simulated Delamination to Actual Impact Damage 
Creation of beam specimens with a simulated delamination was done to mimic damage 
typically observed during out-of-plane impact.  Figure E.2a provides an overhead view of a 
typical composite beam specimen, impacted with 10 J as described in Section 2.2.2.  An optical 
image of the longitudinal cross-section of the beam depicted in Figure E.2a is shown in Figure 
E.2b.  This cross-section shows a long delamination occurring between central fabric layers 
which spans the unclamped length.  An optical image of the longitudinal cross-section of a 
sample manufactured with a simulated mid-plane delamination is depicted in Figure E.2c.  Here 
we see a delamination occurring in the mid-plane of the specimen, mimicking the damage 
which occurs during typical impact, shown in Figure E.2b. 
E.3.2 Flexure Testing 
Four sample types were evaluated using the four-point flexure protocol.  Neat samples 
contained no vasculature or simulated delamination.  The other three sample types all had 
simulated delamination damage present and were healed using one of the three protocols 
described in Section E.2.2:  no healing, dynamic pumping infiltration, or vacuum infiltrated 
reference healing.  Flexural strengths of the four sample types tested are depicted in Figure E.3.  
Here we see the nominal strength of the neat composites was approximately 525 MPa.  With 
the introduction of a simulated delamination, the flexural strength of the composites fell to 
approximately 345 MPa, as expected.  The average flexural strength of samples healed using 
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the vacuum infiltrated reference healing technique was approximately 520 MPa, demonstrating 
nearly 100% healing efficiency.  Results of this control test indicate that if healing agents are 
well mixed in the crack and they reach all sites of damage, full recovery is possible. 
Samples healed using the dynamic infiltration method showed a residual flexural strength of 
approximately 365 MPa, demonstrating very little recovery.  The lack of recovery is attributed 
to the limited in-situ mixing which occurred during healing agent delivery and subsequent 
healing time.  To observe the lack of mixing, the fracture plane of one sample which underwent 
the dynamic pumping infiltration healing protocol was examined after the dynamic pumping 
infiltration protocol.  One half of the simulated delamination face after the healing process is 
depicted optically in Figure E.4.  In this figure, segregation of separate epoxy and amine agents 
is clear, as the face has both liquid agent present on opposite sides of the crack face.  We 
hypothesize that as the agents were delivered, they migrated to opposite ends of the crack 
plane as they were drawn from their respective channels creating resin rich and hardener rich 
regions, as depicted in Figure E.4.   
E.4 Conclusions 
In this appendix, flexure testing of composite beam specimens containing microchannels and a 
simulated mid-plane delamination was used to evaluate the healing potential of the healing 
agent delivery methods described in Chapter 4.  Epoxy resin and amine-based hardener healing 
agents were delivered to the site of damage through internal channels using an on/off pulsitile 
pumping profile and given 48 h at 30 °C for healing to occur.  Flexure testing demonstrated that 
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this protocol was unsuccessful in healing the damage.  Optical images of the crack plane after 
healing showed segregated resin rich and hardener rich regions.  Segregation of the 
components during infiltration led to poor in-situ mixing and limited healing.    
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E.5 Figures 
 
Figure E.1.  Model of a microvascular beam specimen during various stages of testing/healing.  
(a)  Model of the initial sample configuration containing three microchannels traversing the 
length of the specimen.  (b)  Model of an internal delamination inside of the specimen after an 
impact event.  (c)  Model of healing agent delivery to the damage region.  Healing agent resin 
and hardener are pumped through separate channels until they reach the site of damage where 
in-situ mixing occurs. 
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Figure E.2.  Visualization of delamination damage.  (a)  Top view of a 2D beam specimen after a 
10 J impact event.  (b)  Cross-section of a 2D beam specimen after a 10 J impact event.  (c)  
Cross-section of a 2D beam specimens with a simulated delamination. 
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Figure E.3.  Flexural strength of beam specimens after a variety of healing protocols. 
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Figure E.4.  Crack plane of a sample 48 h after delivery of healing agents using the in-situ 
dynamic pumping protocol.  Liquid resin and hardener components are segregated on the crack 
plane into resin rich and hardener rich regions.  Segregation emanates from the location of 
egress of the agents into the crack plane. 
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